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FOREWORD 

This  technical  report  summarizes  research  performed  In-house  at  the 
High  Speed  Aero  Performance  Branch,  Aeromechanics  Division,  Flight 
Dynamics  Laboratory,  Air  Force  Wright  Aeronautical  Laboratories,  Wright- 
Patterson  Air  Force  Base.  The  analytical  work  was  performed  under  Pro¬ 
ject  2404,  "Aeromechanics,”  Task  240407,  "Aero performance  and  Aeroheatlng 
Technology."  The  experimental  work  was  performed  as  tecnnlcal  support 
to  the  Space  and  Missile  System  Organization  (SAHSO).  The  study  period 
was  March  1974  to  April  1979. 


The  report  was  written  by  Valentine  Dahlem,  Donald  E.  Shereda,  and 
Jack  I.  Flaherty  of  the  High  Speed  Aero- Performance  Branch.  One  section, 
the  Literature  Review,  was  written  by  Dr.  Christian  E.G.  Przlrembel, 
Professor  of  Mechanical  Engineering,  Rutgers,  The  State  University  of 
New  Jersey.  Professor  Przirembel  conducted  a  review  of  the  high  angle- 
of-attack  problem  as  part  of  a  USAF-ASEE  Summer  Faculty  Research  Program 
at  the  Flight  Dynamics  Laboratory. 

The  experimental  program  described  in  this  report  produced  a  very 
large  amount  of  data.  The  results  are  summarized  here,  but  In  many  cases 
the  results  of  a  particular  test  condition  are  omitted.  Data  lists  are 
available  to  qualified  research  engineers  upon  request  from  the  High 
Speed  Aero  Performance  Branch. 
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SECTION  I 
INTRODUCTION 

The  need  to  determine  forces  and  moments  acting  on  bodies  of  revo¬ 
lution  at  angles-of-attack  originally  arose  in  connection  with  airships. 
During  the  early  stages  of  the  development  of  subsonic  airplanes.  Interest 
in  this  problem  diminished  because  of  the  relatively  minor  contribution 
of  the  fuselage  to  the  aerodynamic  characteristics  of  the  total  aircraft 
configuration.  The  advent  of  highly  maneuverable  aircraft  and  missile 
design  concepts  has  required  a  major  effort  in  understanding  the  problem 
of  siender  bodies  of  revolution  at  high  angles-of-attack.  For  that  case 
the  body  is  a  major  contributor  to  the  overall  aerodynamics  of  the  system. 

The  primary  impetus  for  the  current  investigation  is  the  problem 
associated  with  the  prediction  of  the  subsonic  and  transonic  flight 
characteristics  of  slender  missiles  at  large  angles-of-attack.  These 
large  angles  will  occur  during  the  launch  phase  of  an  air-mobile  inter¬ 
continental  missile.  The  same  flight  environment  may  also  exist  during 
the  launch  of  highly  maneuverable  air-to-air  missiles.  Although  in  both 
cases  the  launch  phase  represents  only  a  very  short  portion  of  the  total 
missile  flight  time,  the  control  of  strong  side  forces  and  yawing  moments 
is  crucial  to  the  completion  of  the  desired  mission. 

The  Flight  Dynamics  Laboratory  conducted  an  extensive  experimental 
investigation  to  determine  the  aerodynamic  forces  and  moments,  the  pressures, 
and  the  lee-side  flow  field  for  a  smooth  body  missile  at  large  angle-of- 
attack.  The  tests,  undertaken  in  support  of  the  MX  program,  were  sponsored 
by  the  Air  Force  Space  and  Missile  System  Organization  (SAMSO).  The  MX 
experiments  explored  the  aerodynamic  loads,  associated  with  air  launch, 
encountered  by  a  large  missile  at  subsonic  and  transonic  speeds.  The 
aerodynamic  data  were  needed  to  establish  the  structural  and  control 
system  requirements. 
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This  report  presents  4  summary  of  the  experimental  aerodynamic 
characteristics,  provides  a  review  of  the  existing  data  and  the  analysis 
methods  that  relate  to  bodies  at  high  angles-of-attack,  and  presents  the 
results  of  analytical  developments  based  on  the  MX  data. 
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SECTION  II 

LITERATURE  REVIEW  AND  STATUS  OF  THE  PROBLEM 

In  viewing  the  overall  fluid  dynamics  problem  associated  with  flow 
about  bodies  of  revolution  at  angles-of-attack,  the  important  features 
may  be  delineated  which  contribute  to  the  complexity  of  the  analysis. 

The  complete  analysis  must  treat  the  inviscid  flow  field  and  the  three- 
dimensional  boundary  layer  on  the  vehicle  surface  (see  Reference  1).  At 
sufficiently  hign  angles  the  interacting  viscous  and  inviscid  flow  field 
produce  an  adverse  pressure  gradient  on  the  lee  side  of  the  body  which 
causes  the  three-dimensional  boundary  layer  to  separate.  The  separated 
shear  layer  rolls  up  into  a  vortex  in  the  wake,  which  influences  the 
pressure  distribution  on  the  oody  and  may  interfere  with  the  flow  about 
control  surfaces.  The  conflicting  conclusions  from  many  experimental 
studies  Illustrate  a  major  problem  of  interpreting,  scaling,  and  extra¬ 
polating  wind  tunnel  data  from  high  angle-of-attack  tests.- 

1.  BASIC  PHYSICAL  FEATURES  OF  VARIOUS  AERODYNAMIC  REGIMES 

As  a  slender  body  of  revolution  traverses  the  range  of  angles-of- 
attack  from  0  to  90  degrees,  there  are  at  least  four  distinct  aerodynamic 
regimes  that  must  be  considered  in  the  analysis  of  this  problem.  The 
appearance  and  disappearance  of  each  regime  as  a  function  of  angle-of- 
attack  is  also  dependent  or  many  other  factors.  The  most  important  are 
nose  shape,  overall  fineness  ratio,  crossflow  Mach  number,  and  Reynolds 
number.  Other  factors  may  include  roll  angle,  free  stream  turbulence, 
surface  roughness,  acoustic  environment  and  model  vibrations.  The  follow¬ 
ing  regimes  can  be  Identified  for  the  subonic  analysis  of  a  slender  body 
of  revolution. 


Regime  I  (0°<a<5°):  At  very  low  angles-of-attack  there  is  no  dis- 
cernable  boundary  layer  separation  and  the  flow  can  be  characterized  by 
a  classical  potential  flow  field  and  an  attached  laminar  or  turbulent 
boundary  layer. 


22 


AFWAl-TR-80-3070 


Regime  II  (5*<o<201):  Boundary  layer  separation  occurs  on  the  lee 
side  of  the  body.  The  separated  boundary  layer  becomes  a  free  shear 
layer,  which  rolls  up  into  two  symmetrical  concentrated  vortices.  The 
vortices  are  steady  with  time.  A  schematic  of  the  flow  field  is  depicted 
in  Figure  1.  No  side  force  or  yawing  moment  is  present.  Normal  force  is 
the  parameter  of  interest. 

Regime  III  (20°<a<60‘'):  In  this  regime  the  concentrated  vortices 
break  away  from  the  slender  body  from  alternate  sides.  The  vortices  are 
shed  from  the  right  and  left  sides  in  a  pattern  normally  associated  with 
the  classical  von  Karman  vortex,  but  the  vortices  are  arrayed  in  the 
spacial  sense  and  not  in  the  temporal  sense.  This  flow  field  is  shown 
in  Figure  2.  These  asymmetrical  vortices  give  rise  to  significant  side 
forces  and  yawing  moments.  This  flow  regime  is  of  primary  interest  in 
the  current  study.  Note  that  several  experimental  investigations  have 
shown  some  random  flow  switching  and  flow  instabilities  at  the  higher 
end  of  this  angle-of-attack  range.  Some  workers  in  the  field  have  de¬ 
fined  this  unsteady  portion  as  a  separate  flow  regime. 

Regime  IV  (60°<a<90°):  The  flow  field  is  characterized  by  some  form 
of  temporal  vortex  shedding,  as  has  been  observed  for  infinite  length 
right  circular  cylinders.  A  von  Karman  vortex  trail  is  usually  assumed 
to  be  present  in  the  wake. 

2.  CURRENT  STATUS  OF  EXPERIMENTAL  INVESTIGATIONS:'  REGIME  II 

This  section  and  the  following  one  is  primarily  toncerned  with  those 
experimental  investigations  which  have  provided  physical  insight  into  the 
important  aerodynamic  and  geometric  variables  governing  the  flow  field  in 
Regime  II  and  III.  Because  of  the  similarities  between  the  current  pro¬ 
blem  and  the  more  classical  problem  of  the  infinite  right  circular  cylin¬ 
der  normal  to  the  freestream,  some  of  the  important  concepts  from  the 
latter  problem  will  also  be  included. 
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NOTE:  THE  AXIAL  ORIGIM 
OF  SHEETS  3  THROUGH  6 
ARE  ALL  DIFFERENT 


Figure  2.  Steady  Asymmetric  Vortices,  Regime  III  (20°  <  a  <  70* ) 
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Following  the  publication  of  Alien's  analysis  of  the  floe  about  a 
body  of  revolution  at  small  angles-of-attack  using  the  crossflow  drag 
concept  (Reference  2),  there  was  a  significant  flurry  of  experimental 
investigations  conducted  by  NACA  and  later  NASA.  Extensive  experimental 
data  was  obtained  for  a  model  consisting  of  an  ogive  nose  3  diameters 
long  and  a  cylindrical  body  7.7  diameters  long.  Normal  farces,  surface 
pressure  distributions  and  vortex  wake  characteristics  for  both  subsonic 
and  supersonic  approach  flows  were  reported  by  Perkins  and  Jorgensen 
(Reference  3),  Jorgensen  and  Perkins  (Reference  4),  and  Tinling  and 
Allen  (Reference  5).  The  latter  two  references  ?»e  of  particular  impor¬ 
tance  in  that  they  provide  quantitative  data  on  the  location  of  the 
syaaetric  vortex  centers  and  the  strength  of  t‘.a  vorticis  at  varicus 
stations  along  the  body.  Jorgensen  and  Perkins  (Reference  41  also 
attempted  to  locate  the  separation  line  on  the  wide!  by  tracing  poten¬ 
tial  streamlines  on  a  plot  of  isobars.  The  authors  also  proposed  that 
the  strengths  of  the  concentrated  vortices  cot Id  be  estimated  from  tht 
normal  force  distribution  and  vortex  positions.  Perkins  and  Xuehn 
(Reference  6)  obtained  pressure  distributions  and  force  characteristics 
for  a  body  of  similar  geometric  characteristics,  huv  for  a  larger  range 
of  angles-of-attack.  At  an  angle  of  15  ’degrees,  the  starting  point  of 
separation  was  reported  to  be  at  the  vertex  of  the  model.  The  crossflow 
Reynolds  nuaber,  He^,  at  which  the  cross flow  drig  coefficient  decreased 
res  observed  to  be  less  that  the  familiar  critical  value  for  a  right 
circular  cylinder.  Furthermore,  the  crcssflcw  Hach  number  was  greater 
than  the  critical  Mach  njater  for  a  circj’cr  cylinoar. 

Gowen  and  Perkins  (Reference  7}  used  the  vapor  .creen  Tick  visual¬ 
ization  technique  to  Investigate  the  effect  of  body  shape  on  the  character¬ 
istics  of  the  vortex  wtxas  at  K\ch  2.  Primary  emphasis  was  placed  on 
determining  the  angle-of-attack  at  which  the  voi-tices  indicated  in  unsteady 
behavior.  Gowen  and  Perkins  found  that  the  angie-of-attack  at  which  the 
vertex  wake  became  unsteady  could  ox  Increased  by  reducing  the  nosi 
bluntness.  Additional  experimental  dat.  on  normal  forces  and  pressure 
distributions  for  various  geometric  shepes  nay  be  found  in  Allen  and 
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Perkins  (References  8,9,10).  More  recently  Grosche  (F.eference  11) 
reported  some  very  detailed  experimental  measurements  of  velocity 
direction  and  impact  pressures  for  symmetrical  vortices  in  incompres¬ 
sible  flow  at  high  Reynolds  numbers. 

Experimental  measurements  on  ellipsoidal  bodies  of  revolution, 
at  small  angles-of-attack  have  been  reported  by  Rodgers  (Reference  12) 
and  Atraghji  (Reference  13).  Both  investigations  combine  surface  oil 
flow  observations  with  detailed  surface  pressure  distributions.  As  a 
rarulk.  it  <s  possible  to  determine  the  free  shear  layer  separation 
point  on  the  crossflow  pressure  distributions. 

Rodgers  (Refarenca  1?)  found  that  the  actual  surface  streamlines 
do  not  differ  significantly  from  those  of  the  potential  solution  on  the 
K'n-Sward  side  of  the  body,  ik.'wever,  there  is  a  significant  difference 
between  potential  and  real  surface  streamlines  on  the  leeword  side. 

These  ->bo«-rvations  are  particularly  imporUnt  in  any  theoretical  attempts 
of  applying  existing  boundary  layer  separation  criteria  to  crossflow 
pressure  distributions. 

At'aghji  (deference  13)  has  some  particularly  illuminating  graphs 
in  which  the  oil  flow  results  and  the  Isobar  plots  show  the  presence  of 
both  primary  separation,  i.e. ,  separation  of  the  attached  boundary  layer 
growing  from  the  front  stagnation  point,  and  separation  and  attachment 
of  the  ooundary  layer  growing  beneath  the  free  vortex.  The  influence 
of  thii  secondary  separated  flow  region  has  not  been  determined  for 
either  the  symmetric  primary  vortices  (Regime  II)  or  the  asymmetric 
orimary  vertices  (Regime  III). 

3.  CURRENT  STATUS  OF  EXPERIMENTAL  INVESTIGATIONS:  REGIME  III 

Oder  28  years  ago  Allen  and  Perkins  (Reference  9),  presented  visual 
evidence  of  asyaoetric  vortices  in  the  wake  of  an  inclined  slender  body 
of  revolution.  The  first  measurements  of  substantial  side  forces  and 
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yawing  moments  were  obtained  by  Letko  (Reference  14)  in  an  Investigation 
of  the  directional  characteristics  of  a  sharp-nosed  fuselage  node!  at 
large  angles-of-attack.  After  these  early  investigations  of  these  aero¬ 
dynamic  phenomena,  there  was  no  real  effort  to  understand  the  problem 
until  the  extensive  experimental  and  theoretical  study  of  asymmetric 
vortices  by  Thompson  and  Horrison  (Reference  15).  Their  investigation 
of  flow  around  very  long  slender  bodies  of  revolution  at  high  angles-of- 
attack  suggested  that  the  vortex  pattern  was  periodic  in  a  spatial  sense 
and  could  be  related  to  seme  aspects  of  the  two-dimensional  flow  in  the 
wake  of  an  impulsively  started  circular  cylinder.  The  particular  descrip¬ 
tion  for  this  type  of  flow  field  proposed  in  their  paper  has  had  a  major 
influence  on  subsequent  experimental  Investigations.  In  fact,  since  the 
publication  of  tneir  paper,  the  number  of  reported  experimental  and 
theoretical  studies  has  Increased  considerably.  References  16  through 
29  are  the  primary  experimental  investigations  published  in  recent  years. 
A  Bibliography  of  additional  publications  (not  reviewed)  is  included 
herein. 

As  indicated  previously  there  are  many  aerodynamic  and  geometric 
parameters  that  influence  the  existence  and  magnitude  of  large  side 
forces  and  yawing  moments.  Also,  as  expected,  these  various  parameters 
interact  ncn-llnearly,  precluding  the  application  of  the  principle  of 
superposition.  Hence,  in  reviewing  the  current  physical  understanding 
of  the  flow  field  In  Regime  HI,  each  major  variable  is  considered 
separately,  and  the  basic  changes  in  side  and  normal  force  is  discussed. 

a.  Hach  Number  Effects 

Side  forces  and  yawing  moments  decrease  in  magnitude  at  tran¬ 
sonic  Mach  numbers.  This  trend  has  been  measured  by  Pick  (Reference  16), 
Fleemao  and  Nelson  (Reference  21),  Keener,  Chapman  and  Kruse  (Reference 
27),  and  Jorgensen  and  Nelson  (References  22,24).  Although  this  trend 
is  generally  observed,  there  are  exceptions.  For  instance.  Keener  and 
Chapman  (Reference  20)  and  Pick  (Reference  16)  show  very  Irregular  trends. 
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For  instance.  Pick's  models  with  a  nose  fineness  ratio  of  four  and  nose 
bluntness  of  5t  show  first  a  decrease  of  maximum  side  force  for  Mach  num¬ 
bers  between  0.5  to  0.8,  and  then  a  substantial  increase  from  0.8  to  1.1. 
Fleeman  and  Nelson  (Reference  21)  show  a  disappearance  of  side  force  and 
yawing  moment  as  the  freestream  Mach  number  approaches  unity,  and  then 
they  reappear  at  supersonic  Mach  numbers. 

Keener  and  Chapman  (Reference  20)  found  that  the  onset  of  side  force 
was  not  influenced  by  Mach  number. 


b.  Reynolds  Nuaber  Effects 

There  are  three  different  Reynolds  numbers  that  have  been  used 
in  the  literature  to  describe  the  state  of  the  flow  around  a  slender  body 
of  revolution  at  angles-of-attack.  For  reference  they  are  listed  below: 

(1)  Freestream  Reynolds  numbers  based  on  maximum  diameter 
of  the  model 


V  D 


(2)  C-ossflow  Reynolds  number  based  on  crossflow  velocity 

component 

f  V 

Re  r  “  sin  °)  P  (2) 

C  V 

(3)  Surface  Streamline  Reynolds  number  based  on  characteristic 
length  in  freestream  direction 

D 

R  -  Vtsln  51  (3) 

es  v 

The  latter  Reynolds  number  was  first  suggested  by  8ursrall  and 
Loftin  (Reference  30)  while  investigating  the  pressure  distribution  about 
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a  yawed  circular  cylinder  in  the  critical  Reynolds  number  range.  Lament 
and  Hunt  (Reference  3i)  also  suggested  that  this  Reynolds  number  may  be 
more  appropriate  In  describing  the  condition  of  the  attached  boundary 
layer.  Both  papers  claim  that  the  critical  Reynolds  number  for  transi¬ 
tion  to  turbulent  flow  Is  independent  of  the  angle-of-attack  if  R6j  is 
used.  Hence,  it  is  possible  to  determine  the  critical  Reynolds  number 
from  tests  at  90°  angle-of-attack.  This  Reynolds  number,  however,  has 
not  found  general  acceptance  In  the  literature,  and  the  current  discus¬ 
sion  will  be  restricted  to  variations  with  the  crossflow  Reynolds  number 
or  freestream  Reynolds  number,  an  important  factor  is  the  condition  of 
the  attached  boundary  layer,  either  laminar,  transitional,  or  turbulent. 

Pick  (Reference  16),  found  that  the  magnitude  of  the  average 
side  force  was  decreased  by  as  much  as  80  oercent,  for  most  Mach  numbers 
and  geometrical  configurations,  when  the  attached  boundary  layer  was 
tripped  on  the  windward  side.  The  freestream  Reynolds  number  range  for 
these  tests  was  from  0.2S  x  10®  to  0.39  x  10®. 

Fleenan  and  Nelson  (Reference  21),  show  significant  variation 
of  both  the  side  force  and  yawing  moment  with  Reynolds  number.  For  a 
model  consisting  of  a  tangent  ogive  nose  (1/D  -  2.5)  ar.d  a  cylindrical 
afterbody  (1/0  -  12),  the  side  force  and  yawing  moment  Increased  up  to 
Reo  -  2.5  x  10s,  and  then  decreased  with  Increasing  Reynolds  numbers. 
Peak  values  of  side  force  and  yawing  moment  occurred  at  crossflow  Rey¬ 
nolds  numbers  between  1.4  x  10s  and  2.5  x  10^.  For  approximately  the 
same  freestream  Reynolds  number,  Coe,  Chambers  and  Letko  (Reference  17) 
observed  no  significant  Reynolds  number  effect. 

Jorgensen  and  Nelson  (Reference  22)  observed  that  the  normal 
forces  and  side  forces  for  a  model  with  a  high  fineness  ratio  nose  were 
significantly  affected  by  a  change  In  the  freestream  Reynolds  number. 
However,  no  trends  were  clearly  established.  Similar  results  were  also 
presented  oy  Keener,  Chapman  and  Kruse  (Reference  27).  They  report  the 
largest  side  force  at  Re^  -  4.3  x  10$. 
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c.  Nose  Fineness  Ratio  and  Bluntness  Effects 

For  ogive  cylinder  bodies,  the  magnitude  of  the  average  side 
force  increases  with  increased  fineness  ratio.  This  trend  was  reported 
by  Pick  (Reference  16),  Jorgersen  and  Nelson  (Reference  22),  keener  and 
Chapman  (Reference  20),  and  Keener,  Chapman  and  Kruse  (Reference  27). 

Several  investigations  have  shown  that  for  a  given  nose  fineness 
ratio,  a  judicious  choice  of  nose  bluntness  will  reduce  the  maximum  side 
force  associated  with  a  particular  model.  Keener  and  Chapman  (Reference 
20)  found  a  decrease  in  the  side  force  coefficient  for  nose  bluntness 
values  of  4.2%  and  8.4%  (nose  radius  referenced  to  maximum  body  radius). 

In  fact,  for  a  pointed  tangent  ogive  (1/D  -  3.5),  the  latter  value 
resulted  in  almost  negligible  side  force  at  Mach  0.25.  However,  as  the 
nose  bluntness  was  increased,  the  measured  side  force  began  to  become 
significant  again.  For  the  most  slender  tangent  ogive  (1/D  -  5.0),  the 
largest  nose  bluntness  value  produced  significant  unsteadiness  in  the 
flow  field. 

Pick  (Reference  16)  reported  that  in  general  an  increase  in  nose 
bluntness  reduced  the  maximum  values  of  the  side  forces.  The  reduction 
was  most  pronounced  at  the  lower  Mach  numbers.  However,  for  a  model  with 
a  nose  fineness  ratio  of  2  the  side  force  actually  increased  for  bluntness 
ratios  greater  than  5%. 

Jorgensen  and  Nelson  (Reference  22)  recorded  significant 
decreases  in  measured  side  forces  and  yawing  moments  for  a  model  with 
a  blunted  ogive  nose  (1/D  -  3.0),  when  compared  with  the  original  sharp 
ogive  nose  (1/D  -  3.5).  However,  they  noted  that  the  same  reduction  in 
side  forces  and  yawing  moments  could  be  achieved  with  a  sharp  ogive  nose 
of  equivalent  nose  fineness  (1/D  -  3.0). 

In  summary,  nose  bluntness  may  reduce  the  side  forces  and 
yawing  moments.  However,  some  caution  must  be  used  In  the  choice  of 
the  appropriate  value  of  the  nose  bluntness  ratio.  In  view  of  the 
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uncertainty  In  the  current  understanding  of  the  flow  mechanism,  experi¬ 
mental  measurements  should  be  used  for  design  purposes. 

d.  Seometric  Changes  to  Reduce  Side  Forces  and  Yawing  Moments 

One  of  the  principle  objectives  of  the  available  studies  has 
been  to  eliminate  or  at  least  reduce  the  magnitude  of  induced  side  forces 
and  yawing  moments.  Hence,  a  series  of  devices  or  techniques  have  been 
investigated  on  a  somewhat  trial  and  error  basis.  Letko  (Reference  14) 
found  that  a  small  strake  on  the  nose  of  a  conical  yaw  and  pitch  tube 
eliminated  unsteady  pressure  measurements,  which  were  attributed  to  the 
random  asymmetric  vortex  flow-field  switching,  letko  also  reported  that 
a  ring  or  other  roughness  on  the  nose  of  a  sharp-nosed  fuselage  model 
reduced  the  yawing  moment.  The  effect  of  nose  strakes  on  forebodies  was 
investigated  by  Keener  and  Chapman  (Reference  20),  and  Coe,  Chambers  and 
Letko  (Reference  17).  In  general,  symmetric  nose  strakes  significantly 
reduced  or  eliminated  side  forces  and  yawing  moments  for  sharp-nosed 
tangent  ogives  (1/0  -  3.5).  The  flow  mt  hanism  of  the  nose  strakes  is 
to  force  the  local  boundary  layer  separation  to  occur  symmetrically. 

This  condition  Is  obviously  very  sensitive  to  roll  and  yaw  angles. 

Jorgensen  and  Nelson  (References  ZZ.24)  found  that  nose  strakes 
or,  a  model  with  an  ogive  nose  (1/0  -  3.0)  and  a  cylindrical  afterbody 
(1/0  -  7.0)  made  little  or  no  change  in  the  measured  side  forces  and 
yawing  moments.  Nose  strakes  did  Increase  the  normal  force  and  moved 
the  aerodynamic  force  center  forward. 

The  use  of  boundary  layer  trips  in  the  form  of  grit  rings  or 
strips  has  met  with  mixed  results.  For  grit  rings  on  a  pointed  tangent 
ogive.  Keener  and  Chapman  (Reference  20)  obtained  significant  reduction 
In  the  side  forces.  For  meridional  grit  strips  on  the  windward  side. 

Pick  (Reference  16)  and  Keener  and  Chapman  (Reference  20)  measured  de¬ 
creases  in  the  side  forces.  Clark,  Peoples  and  Briggs  (Reference  18) 
had  some  success  in  reducing  side  forces  In  a  model  with  a  blunt  nose 
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and  cylindrical  afterbody  by  placing  grit  rings  on  the  nose.  However, 
Jorgensen  and  Nelson  (Reference  22)  observed  no  changes  in  side  forces 
and  yawing  moments  for  a  ring  of  grit  placed  on  the  noses  of  models 
with  pointed  ogive  noses  (1/D  -  3.5). 

Other  devices  that  have  reduced  side  forces  include  nose-mounted 
vortex  generators  (Reference  18)  and  nose  booms  (Reference  20).  Changes 
in  the  cross-sectional  shape  of  models  have  also  been  shown  to  decrease 
side  forces. 

e.  Roll  Angle  and  Nose  Misalignments 

An  additional  complexity  in  the  aerodynamic  problem  of  slender 
bodies  of  revolution  at  high  ang)e-of-attack  is  the  variation  ef  side 
force  and  yawing  moment  with  roll  angle  and/or  model  nose  misalignment. 
Thomson  and  Morrison  (Reference  15)  reported  that  rotation  of  a  seemingly 
axi symmetric  model  (cone-cylinder  with  a  measured  nose  misalignment  of 
less  than  5  x  10"*  in.)  changed  the  flow  pattern  from  one  vortex  sequence 
to  the  other.  For  one  test  model ,  Pick  (Reference  16)  found  that  not 
only  did  the  sign  of  the  measured  side  force  change  but  also  the  magni¬ 
tude  of  the  side  force,  as  the  model  was  rolled  180°;  however,  for  a 
second  model,  only  the  sign  of  the  side  force  changed  as  it  was  cgain 
rolled  180”.  Other  investigators  reporting  changes  in  side  force  with 
roll  angle  are  Wardlaw  (Reference  32),  Lamont  and  Hunt  (References  31,33), 
Keener  and  Chapman  (Reference  20),  and  Clark,  Peoples  and  Briggs  (Refer¬ 
ence  18). 


The  results  obtained  by  Keener  and  Chapman  (Reference  20),  a*-e 
particularly  interesting.  They  found  that  by  rotating  the  entire  model , 
which  was  a  pointed  tangent  ogive  (1/D  -  3.5),  the  changes  in  side  force 
are  consistent  with  previous  results,  presented  above.  They  also  con¬ 
ducted  similar  experiments  in  which  the  removable  nose  tip  (length  of 
0.19  1„)  was  rotated. 
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The  results  of  these  tests  are  very  similar  to  the  results 
obtained  ir  the  earlier  tests.  Hence,  it  appears  that  the  asymmetry 
of  the  vortex  flow  is  very  sensitive  to  the  nose  geometry.  Similar 
results  were  also  obtained  by  Clark,  Peoples  and  Briggs  (Reference 
18).  In  these  tests,  either  the  entire  nose  was  rolled  with  respect 
to  the  body  or  the  entire  body  was  rolled.  Under  either  condition, 
the  magnitude  of  the  measured  yawing  moment  changed  substantially. 

These  results  have  very  serious  implications  for  tne  designer 
who  must  rely  on  wind  tunnel  test  data.  Unless  the  particular  model 
was  tested  at  several  roll  angles,  the  selected  data  may  not  represent 
the  maximum  possible  side  forces  or  yawing  moments.  In  fact,  using 
existing  experimental  data  to  evaluate  the  accuracy  cf  existing  analy¬ 
tical  techniques  is  equally  as  hazardous. 


To  complicate  this  problem  further,  an  experimental  investiga¬ 
tion  by  Coe,  Chambers  and  Letko  (Reference  17)  of  roll  angle  effect  on 
a  tangent  ogive  (1/D  -  3.5)  and  a  cone  (1/D  -  3.5)  showed  no  significant 
changes  in  the  yawing  moment  coefficient. 

f.  Flow  Field  Unsteadiness 

Several  experimenters  have  reported  various  manifestations  of 
flow  field  unsteadiness  or  time-dependent  behavior.  Letko  (Reference 
14)  observed  an  aperiodic  pressure  variation  for  yaw  pressure  orifices 
on  a  yaw  and  pitch  probe  at  high  angles-of-attack.  These  tesults  seemed 
to  imply  that  complete  flow  reversal  or  flow  switching  existed.  Letko 
eliminated  this  problem  by  placing  a  small  nose  strake  on  the  probe. 
Similar  Investigations  of  a  pointed  fuselage  model  Indicated  only  partial 
flow  reversal.  Thomson  and  Morrison  (Reference  15)  found  some  gross 
instabilities  for  certain  Incidence  ranges  between  30°  to  40°.  These 
wake  instabilities  occurred  either  at  various  ar.gles-of-attack  for  a 
fixed  roll  angle,  or  at  fixed  angles-of-attack  and  varying  roll  angle. 
From  visual  observation,  the  authors  concluded  that  the  vortex  system 
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appeared  to  oscillate  between  the  two  stable  flow  patterns  which  existed 
on  either  side  of  the  Instability.  Thomson  and  Morrison  (Reference  1 5} 
proposed  that  the  instabilities  are  Initiated  by  asymmetries  in  the  flow 
very  close  to  the  nose.  These  asymmetries  may  be  related  to  either  nose 
geometry  or  approach  flow  direction,  or  both.  From  a  typical  oscillo¬ 
graph  output  In  Pick's  paper  (Reference  16),  It  appears  that  the  measured 
side  force  oscillates  at  about  20  hz.  However,  there  is  no  discussion 
or  comment  in  the  paper  concerning  the  existence,  frequency  and/or  magni¬ 
tude  of  the  time  dependent  variation  of  the  side  force.  Clark  and  Nelson 
(Reference  26)  reported  visual  observation  in  a  water  tunnel,  which 
seemed  to  show  flow  switching  between  two  distinctly  different  flow 
patterns.  Keener,  Chapman  and  Kruse  (Reference  27)  observed  flow 
unsteadiness  above  ar.  angle-of-attack  of  45°.  In  fact,  the  amolitudes 
of  the  unsteady  side  force  were  sometimes  as  large  as  30?  of  the  balance 
load  capacities.  The  mean  side  forces  were  obtained  by  electronic 
filtering. 


In  contrast  to  the  above  qualitative  observations  of  flow 
unsteadiness,  Coe,  Chambers,  and  letko  (Reference  17),  using  a  tuft 
grid  to  investigate  the  free  vortex  system,  found  that  the  various  flow 
patterns  were  relatively  steady  with  time. 


Lamont  and  Hunt  (Reference  33)  made  some  time-dependent  surface 
Pressure  measurements  on  models  with  circular  arc  ogive  noses  and  cylin¬ 
drical  afterbodies.  They  observed  various  degrees  of  unsteadiness  at 
various  angles-of-attack.  At  angles-of-attack  between  30°  and  50°,  it 
appeared  as  if  random,  partial  or  sometimes,  complete  flow  field  switch¬ 
ing  occurred.  The  flow  seems  to  havp  a  preferred  state  but  was  disturbed 
in  a  random  fashion.  At  Inclinations  of  65°  to  70°,  complete  flow  switch¬ 
ing  occurred  more  often,  and  at  higher  angles-of-attack  periodic  vortex 
shedding  was  observed.  Note  that  all  these  tests  were  carefully  controlled 
to  maintain  laminar  boundary  layer  conditions. 


As  a  result  of  these  tests,  Lamont  and  Hunt  (Reference  33) 
suggest  that  the  random  flow  switching  Dehavior  may  be  attributed  to 
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the  turbulence  level  In  the  approaching  freestream.  It  is  proposed  that 
If  eddies  of  sufficient  size  are  convected  past  the  cylinder,  then  these 
turbulent  eddies  will  influence  the  local  value  of  circulation  about  the 
model  at  any  Instant,  and  cause  a  change  in  the  free  vortex  orientation. 

A  similar  approach  has  been  used  by  Tunstall  and  Harvey  (Reference  34) 
to  explain  the  switching  of  secondary  circulation  in  the  flow  in  pipes 
with  sharp  bends. 

These  uncertainties  associated  with  flow  switching  and  tne 
results  reported  by  Smith  and  Nunn  (Reference  35)  on  the  effect  of  pitch 
rate  should  be  a  strong  warning  to  experimentalists  in  choosing  appro¬ 
priate  time  scales  for  time-averaged  pressure  and  force  measurements. 
Particular  attention  must  be  given  to  total  sample  time  per  data  point 
and  frequency  response  characteristics  of  instruments  and  recorders. 

Also,  the  dynamic  characteristics  of  the  model  support  system  must  be 
taken  into  consideration. 

g.  Vortex  Shedding  and  Spacing 

The  alternate  spatial  shedding  of  vortices  is  an  Integral  part 
of  the  flow  field  in  Regime  III.  Host  investigators  have  assumed  expli- 
citv  or  implicity  that  the  local  maximum  side  force  occurs  at  the  axial 
station  at  which  the  vortex  breaks  away  from  the  model. 

In  view  of  the  above  and  the  concept  of  the  impulsive  flow 
analogy,  it  is  necessary  to  predict  the  locations  of  the  shedding  points. 
Since  the  shedding  process  Is  continuous,  some  criterion  has  to  be  given 
to  define  the  aerodynamic  condition  Indicating  the  shedding  point. 

Thomson  and  Morrison  (Reference  15)  used  Schlieren  photographs  and 
yawneter  traverses  to  obtain  the  location  of  the  free  vortex  core  after 
shedding.  Since  the  vortex  core  path  away  from  the  model  was  reasonably 
straight,  they  calculated  a  "Strouhal  number"  for  the  spatial  shedding 
problem. 
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Pick  {Reference  16),  following  Thomson's  and  Morrison’s  path  of 
inquiry,  obtained  similar  results.  He  showed  that  an  increase  in  the 
crossflow  Mach  number,  Mc  moved  the  virtual  vortex  origin  downstream 
along  the  model.  Also,  for  the  same  geometry  and  approach  flow  condi¬ 
tions,  the  vortex  breakaway  points  moved  downstream  as  the  boundary 
layer  changed  from  laminar  to  turbulent. 

Using  cavitation  as  a  means  of  flow  visualization,  Clark  and 
Nelson  (Reference  26)  observed  body  vortex  cores  In  the  wake  of  a  model 
consisting  of  a  tangent  ogive  nose  (1/D  -  2.5)  and  a  cylindrical  after¬ 
body  (1/0  -  12.5).  They  found  that  the  vortex  starting  positions  move 
toward  the  nose  as  the  angle-of-attack  or  the  crossflow  Mach  number 
increased. 

All  three  available  investigations  used  extrapolated  data  to 
determine  the  breakaway  point,  without  having  any  surface  pressure 
measurements  or  other  model  surface  measurements.  It  seems  instructive 
then  to  look  to  the  analogous  time-dependent  shedding  problem  for  a 
right  circular  cylinder  normal  to  a  uniform  stream.  There  have  been 
carefully  documented  experimental  investigations  on  the  formation  of 
vortices.  The  most  illuminating  measurements  of  the  temporal  shedding 
of  vortices  and  their  effect  on  the  oscillating  lift  and  drag  of  a  right 
circular  cylinder  have  been  reported  by  Drescher  (Reference  36).  By 
combining  simultaneous  time-dependent  pressure  measurements  with  synchro¬ 
nized  flow  visualization  motion  pictures  of  the  formation  and  path  of 
the  shed  vortices,  Drescher  was  able  to  show  the  lift  and  drag  force 
dependence  on  both  the  location  of  the  shed  vortices  and  the  associated 
surface  pressure  distribution.  In  view  of  the  impulsive  flow  analogy 
it  seems  instructive  to  compare  the  time-dependent  pressure  distribution 
variations  along  an  Inclined  slender  body.  The  only  other  time-dependent 
pressure  measurements  for  a  right  circular  cylinder  have  been  reported 
by  Haumann  and  Pfeiffer  (Reference  37)  and  Naumann,  Morsbach  and  Kramer 
(Reference  38).  The  litter  Investigations  are  of  particular  interest 
in  assessing  the  effect  of  shock  formation  on  the  model  as  the  local 
crossflow  Mach  number  exceeds  unity. 
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The  work  of  Gerrard  and  his  co-worker  Bloor  (References  39,40,41) 
also  provides  significant  insight  into  the  formation  of  wake  vortices. 

Of  particular  Importance  to  the  problem  under  investigation  Is  the  de¬ 
tailed  mechanism  of  the  development  of  the  free  vortex.  Gerrard  (Refer¬ 
ence  40)  has  shown  that  the  circulation  of  the  free  vortex  is  less  than 
the  vorticity  associated  with  the  free  shear  layer  leaving  the  body. 

This  is  because,  in  the  formation  process,  vorticity  of  opposite  sign 
Is  entrained  by  the  vortex  sheet  from  the  other  side  of  the  model.  This 
entrainment  process  occurs  very  close  to  the  model  surface  and,  therefore, 
has  a  substantial  effect  on  the  local  pressure  distribution.  This,  in 
turn.  Influences  the  magnitude  of  the  local  side  force. 


! 
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SECTION  III 
EXPERIMENTAL  PROGRAM 

The  primary  purpose  of  the  experimental  program  was  to  determine  the 
a£i adynamic  loads  on  a  smooth  missile  at  conditions  of  high  angle-of- 
attack  at  subsonic  and  transonic  speeds.  Nose  shape  was  the  principal 
variable.  Initially  the  data  were  intended  to  develop  design  criteria 
for  a  missile  concept,  but  were  subsequently  used  to  expand  the  basic 
understanding  of  complex  flow  phenomena  that  have  application  to  several 
missile  and  aircraft  analysis  problems. 

The  selection  of  the  AEDC  16-Foot  Transonic  Test  Facility  was  based 
on  a  need  to  obtain  data  at  near  fell -scale  conditions,  since  this  type  of 
data  could  not  be  corrected  for  large  changes  in  Mach  number  or  Reynolds 
number  with  confidence.  An  extrapolation  method  had  not  been  developed 
for  flows  involving  asymmetric  vortex  separation  at  angle-of-attack.  The 
data  presented  in  this  report  were  obtained  at  a  Reynolds  number  range 
from  3.17  x  105  to  3.55  x  106,  based  on  body  diameter.  The  latter  re¬ 
presents  some  of  the  highest  Reynolds  number  data  obtained  to  date  at 
these  high  angle-of-att«cx  conditions. 

Testing  was  accomplished  during  six  tunnel  entries,  covering  the 
complete  angle-of-attack  range  from  0e  to  180°.  Measurements  were  made 
of  the  surface  static  pressures,  surface  pressure  oscillations,  total 
forces  and  moments,  and  the  flew  field  velocities  on  the  lee  side  of 
the  missile.  During  the  early  pressure  tests  a  high-pressure  air  supply 
system  was  connected  to  simulate  the  rocket  exhaust  for  missile  angles- 
of-attack  above  40°. 

The  particular  conditions  of  Mach  number,  Reynolds  number,  and 
angle-of-attack  which  compi 'se  the  test  series  are  shown  in  Table  1. 

The  model  designation,  type  of  test,  and  the  use  of  boundary  layer  trips 
or  rocket  plume  simulation  is  also  noted. 
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1.  TEST  FACILITY 

The  AEOC  16-Foot  Transonic  Test  Facility  (16T)  is  a  closed-circuit 
continuous-flow  wind  tunnel  with  a  range  of  operation  at  Mach  numbers 
from  P.20  to  1.6C.  The  tunnel  is  capable  of  operating  within  a 
stagnation  pressure  range  from  approximately  120  to  4000  psfa,  depending 
on  the  Mach  number,  and  over  a  stagnation  temperature  range  from  about 
80°F  to  a  maximum  of  160°F.  The  specific  humidity  of  the  air  is 
controlled  by  removing  tunnel  air  and  supolying  conditioned  make-up  air 
from  an  atmospheric  dryer. 

The  high  angle-of-attack  missile  tests  were  conducted  over  a  range  of 
Mach  numbers  from  0.30  to  1.40.  In  the  range  0.60  to  1.40  the  tunnel  has 
a  maximum  dynamic  pressure  of  nominally  750  psfa.  This  corresponds  to  a 
maximum  unit  Reynolds  number  of  5.5  x  106  per  foot  at  Mach  0.60  and 
3.5  x  10^  per  foot  at  Mach  1.40. 

In  16T  the  contour  of  each  sidewall  of  the  nozzle  is  adjusted  by 
motor-driven  actuators.  The  test  section  is  16  feet  square  in  cross 
section  and  40  feet  long.  The  test  sections  are  completely  enclosed  in  a 
plenum  chamber  which  can  be  evacuated,  allowing  part  of  the  tunnel  main 
flow  to  be  removed  through  the  test  section  perforated  walls,  thereby 
unchoking  the  test  section  at  near  sonic  speeds  and  alleviating  wall 
interference  effects,  A  more  extensive  description  of  the  tunnel  and  its 
operating  characteristics  is  contained  in  Reference  42. 

2.  TEST  HARDWARE  AND  INSTRUMENTATION 

a.  Pressure  and  Force  Tests 

The  missile  configuration  consisted  of  a  7. 6- inch-diameter 
cylindrical  body  and  a  set  of  interchangeable  nose  parts  of  various  shape 
and  bluntness.  A  sketch  showing  the  model  located  in  the  wind  tunnel  test 
section  is  shown  in  Figure  3,  and  installation  photographs  of  the  model 
are  presented  in  Figure  4.  The  model  was  tested  with  two  basic  body 
lengths  and  with  various  combinations  of  three  ogive  and  three  triconic 
nose  configurations.  Major  details  and  dimensions  of  the  model  are  shown 
in  Figure  5,  and  a  photograph  of  the  ogive  nose  configurations  is  shown  in 
Figure  6. 
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Figure 


figure  4.  Installation  of  Model 


AFWAt-TR-80-3070 


Figure  4  (Concluded) 
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Figure  5.  Model  Dimensions 
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One  of  the  primary  test  variables  was  the  shape  of  the  nose. 
Thirteen  different  nose  configurations  were  tested  at  various  conditions 
during  the  force  and  pressure  testing.  Figure  5  shows  sketches  of  12  of 
the  nose  shapes  that  were  built  for  wind  tunnel  testing.  The  five  basic 
noses  were  N2,  N3,  N6,  N8  and  Nil;  the  7-caliber,  5-caliber  and  triconic 
noses,  respectively.  Caliber  as  defined  in  this  report  is  the  radius  of 
the  arc  from  the  body  tangent  point  divided  by  the  diameter  as  shown  in 
Figure  28.  The  fil  nose  was  the  N2  nose  with  material  added  to  the  tip 
and  machined  to  a  sharp  point.  N4  was  a  3-caliber  nose  tested  to  give 
parametric  data  on  the  effect  of  fineness  ratio.  The  N5,  N7,  N9,  N10, 

N12  and  N13  noses  were  made  by  changing  the  nose  "button",  a  removable 
screw-in  nosetip  on  the  basic  triconic  shape,  to  change  the  bluntness 
of  the  triconic  configuration.  The  N14  nose  was  a  3-caliber  nose 
(like  N4)  with  increased  nosetip  bluntness.  The  triconic  nose 
configurations,  were  developed  to  increase  usable  volume  in  the  nose 
while  reducing  nose  length,  allowing  increased  body  cylindrical  length 
within  a  fixed  maximum-overall -length  missile. 

The  pressure  models  were  instrumented  with  up  to  308  pressure 
orifices.  Shown  in  Figure  7  is  Configuration  N2B1  with  244  pressure 
orifices.  For  the  various  nose  configurations  the  station  location  of 
the  nose  pressure  rings  varied  slightly  and  are  called  out  as  a  nominal 
X/D  location  in  this  report.  The  data  were  obtained  with  up  to  seven 

D 

internally  mounted  48-port  Scanivalves  with  strain  gage  pressure  trans¬ 
ducers.  The  first  two  test  entry  models  included  32  microphone  taps  with 
the  static  taps.  These  data  are  reported  in  AFFDL  TR  76-109,  Reference  52. 
The  cold-air  nozzles  which  simulated  the  rocket  plume  are  shown  in 
Figure  8.  The  exhaust  nozzle  weight  flow  was  determined  from  cnamber 
pressure  and  temperature  measurements  and  the  internal  geometry  of  the 
exhaust  nozzle.  A  pitch  Indicator  mounted  on  the  pitch  support  system 
was  used  to  determine  the  model  angle-of-attack. 

The  external  contour  of  the  force  model  was  identical  to  the 
pressure  model  except  the  force  model  did  not  have  the  surface  pressure 
orifices.  The  support  system  hardware  was  also  the  same  for  both  models 
with  the  addition  of  six-component  strain  gage  balance.  The  pitch  attitude 
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Figure  7.  Pressure  Orifice  and  Microphone  Location,  Configuration  N2B1 
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of  the  sting-mounted  force  model  was  determined  from  an  internally  mounted 
angle-of-attack  indicator,  and  the  strut-mounted-model  attitude  was 
determined  from  an  angle-of-attack  indicator  mounted  on  the  pitch  mechanism 
and  corrected  for  balance  deflections. 

The  model  was  mounted  on  a  remotely  controlled  sting  support 
system  with  a  pitch  range  from  -5°  to  45°.  To  obtain  model  force  and 
pressure  data  through  an  angle-of-attacx  range  from  0  to  180  degrees, 
essentially  two  separate  model  support  systems  were  required.  A  sketch 
showing  the  model  support  arrangement  and  associated  angle-of-attack 
range  is  shown  in  Figure  9. 

To  obtain  data  through  an  angle-of-attack  range  from  0  to  45 
degrees,  the  model  was  aft  mounted  on  a  straight  sting  support  system. 

Figure  10.  To  obtain  data  through  an  angle-of-attack  range  from  45  to 
180  degrees  the  model  was  strut  mounted.  Figure  10,  and  attached  to  a 
sting  support  with  a  clutch  face  arrangement.  The  clutch  face  allowed 
the  model  to  be  positioned  at  either  45,  90  or  135  degrees  with  respect 
to  the  main  support  system.  High-pressure  air  was  supplied  through  the 
sting  and  strut  to  an  aft-mounted  nozzle  for  cold-flow  simulation  of  the 
nozzle  exhaust  plume  during  the  pressure  phase  of  the  test. 

A  large  number  of  the  sting-mounted  configurations  were  tested 
with  a  boundary-layer  transition  strip  around  the  nose.  The  transition 
strip  consisted  of  a  1/8-inch-wide  ring  of  "grit"  around  the  nose.  The 
grit  consisted  of  No.  70  (approximately  .0083-inch-diameter)  glass  spheres 
glued  on  with  Polaroid  print  fixer.  The  chart  in  Figure  11  lists  the 
location  of  the  grit  ring  for  each  of  the  14  nose  configurations.  The 
tilBl  configuration  was  also  pressure  tested  with  two  lengthwise  strips  of 
grit  located  30  degrees  either  side  of  the  windward  meridian  for  tripping 
the  boundary  layer  when  the  model  was  at  high  ar.gles-of-attack. 
b.  Flow  Field  Tests 

The  N2B1  configuration  described  in  the  previous  section  was  used 
for  a  sore  detailed  analysis  of  the  wake  characteristics.  The  missile  model 
was  floor  mounted  on  a  strut/sting  arrangement  with  a  pitch  range  from 
0  to  70  degrees  and  a  roll  range  of  from  -180  to  180  degrees. 
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gure  10.  Model  Support  Dimensions 
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The  probe  rake  was  sting  mounted  and  positioned  automatically  under 
computer  control.  Figure  12  shows  the  model  and  the  cone  probe  rake 
installed  in  the  wind  tunnel  test  section. 

Thd  wake  data,  consisting  of  steady  state  flow  angularity  and 
pressures,  were  obtained  with  a  nine-probe  rake,  each  probe  having  a 
conic  tip  with  four  static  and  one  total  pressure  orifice.  In  addition, 
unsteady  flow  field  data  was  obtained  with  a  rake  of  the  same  geometric 
design,  employing  Kulite  transducers  in  each  probe.  The  geometrical  details 
of  the  probe  are  shown  in  Figure  13. 

The  missile  model  was  instrumented  with  260  pressure  taps  as 
shown  in  Figure  7.  Sixteen  model  pressures  at  station  X/0  =  7.4  were 
measured  by  the  PWT  digital  pressure  system  to  provide  a  continuous 
sampling  of  the  data  with  respect  to  time.  The  purpose  was  to  determine 
the  steady  or  unsteady  nature  of  the  data  being  recorded.  More 
information  on  the  procedure  will  be  provided  in  following  sections.  All 
other  pressures  were  measured  by  6  internally  mounted  48-port  Scanivalves 
and  strain  gage  pressure  transducers. 

3.  DATA  REDUCTION 

a.  Pressure  and  Force  Tests 

The  pressure  and  force  data  presented  in  this  report  were 

obtained  at  freestream  Hach  numbers  from  0.30  to  1.50  and  angles-of-attack 

from  0  to  180  degrees.  The  freestream  Reynolds  number  per  foot  was  varied 
c 

from  0.50  to  5.00  x  10  at  discrete  Mach  numbers  as  shown  in  Table  1. 

The  steady-state  force,  moment,  and  pressure  coefficient  data 
were  obtained  by  setting  the  appropriate  tunnel  conditions  and  varying  the 
angle-oi-attack  in  5-degree  increments.  The  pressure  coefficient  data 
were  also  obtained  both  with  and  without  simulated  nozzle  exhaust  flow. 

The  force  and  moment  data  were  corrected  for  weight  tares  and 
reduced  to  body  axis  coefficients  by  AEDC.  Moment  coefficients  were 
referred  to  a  location  27.8  Inches  forward  of  the  base  of  the  model. 
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Figure  11.  Nose  Ring  Grit  Patterns 


Figure  12.  Model  Installation  for  Flow  Field  Test 
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Figure  13,  Sketch  of  Cone  Probe  Rake 
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The  pressure  data  was  received  from  AEDC  In  tabulated  listings 
and  on  magnetic  taoe.  The  pressure  coefficients  were  plotted  and 
Integrated  to  give  running  loads  and  total  force  and  moment  coefficients. 

b.  Flow  Field  Test 

The  flow  field  measurements  were  obtained  at  Mach  0.40  at  40-  and 
45-degree  angle-of-attack,  and  at  Mach  0.60  at  40-degree  angle-of-attack. 
The  freestream  Reynolds  number  was  2.0  x  10®  per  foot  at  Mach  0.40  and 
5.0  x  10®  per  foot  at  Mach  0.60.  Wake  data  were  obtained  at  three  model 
stations  at  Mach  0.40  and  45-degree  angle-of-attack,  two  model  stations 
at  Mach  0.40  and  40-degree  angle-of-attack,  and  one  model  station  at 
Mach  0.60  and  40-degree  angle-of-attack.  The  first  survey  station  was 
at  X/D  -  3.78.  The  two  subsequent  survey  stations  were  at  X/D  =  7.4 
and  8.8.  The  dynamic  total  pressure  surveys  were  made  parallel  to  the 
model  centerline  at  about  1.0  diameter  above  the  centerline.  The  wake 
velocities  and  flow  angularities  were  calculated  from  the  pressures 
based  on  calibrations  of  the  cone  probe  rake. 

The  objective  of  this  test  was  to  obtain  flow  field  velocity  data 
with  the  model  at  a  roll  angle  where  the  side  force  was  high.  To  select 
this  roll  angle  the  model  was  rolled  180  degrees  in  22.5-degree  increments 
with  the  model  pressure  data  recorded  at  each  roll  angle.  It  was  surmised 
that  the  maximum  side  force  would  occur  when  the  pressure  differential 
between  taps  on  opposite  sides  of  the  missile  at  $  =  90c  was  a  maximum. 

At  Mach  0.40  and  45-degree  angle-of-attack  the  objective  was 
accomplished  and  a  zero  degree  roll  angle  was  selected.  However,  after 
this  set  of  data  was  obtained,  one  of  the  taps  at  the  survey  station 
became  plugged  and  remained  undetected  during  the  acquisition  of  the 
remaining  test  data.  As  a  consequence,  a  roll  angle  was  selected  for 
the  remaining  sets  of  data  which  did  not  give  the  maximum  side  force. 

Vortex  switching  did  net  occur  for  the  present  test  conditions. 
This  was  determined  by  monitoring  two  pressure  transducers  at  the  sane 
relative  leeward  position  on  each  side  of  the  body  as  a  function  of  time. 
Had  vortex  switching  occurred  the  relative  reading  between  these  two  taps 
would  have  fluctuated  from  positive  to  negative.  At  Mach  0.40  the 
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difference  between  the  two  leeward  taps  was  observed  to  be  nearly  constant 
with  time,  indicating  steady  flow  conditions.  At  Mach  0.60  there  were 
large  differences  between  the  two  leeward  taps  with  time,  although  the 
readings  were  always  positive.  Thus  one  may  conclude  that  the  flow 
field  was  unsteady  at  Mach  0.60  but  vortex  switching  did  not  occur. 

4.  PRECISION  OF  MEASUREMENTS 
a.  Pressure  and  Force  Tests 

An  estimate  of  the  precision  of  the  data  at  two  standard  deviation 
is  presented  beiow  for  Mach  number  0.60  to  1.30. 


Par  iiie  ter 

Mach  No. 
Reynolds, No. 
0.5  x  TO6 

s  0.60 

Reynolds  Ko. 
5.0  x  106 

Mach  Ko.  =  1.30 
Reynolds  So. 

3.6  x  10b 

£  0.711 

£  0.077 

£  0.093 

Cm 

£  0.226 

±  0.039 

±0.150 

Cn 

±  0.586 

±  0.065 

±0.02* 

Cp 

£  0.008 

+  0.008 

±0.008 

1  0.312 

±  0.031 

±0.025 

K» 

£  0.003 

£  0.003 

±0.010 

1= 

±  3.0  Psf 

±3.0  psf 

±3.0  psf 

ot 

±0.10’ 

£  0.10* 

io.io* 

At  Mach  0.60  the  estimates  point  out  the  loss  of  accuracy  of 
the  force  and  moment  data  at  the  low  Reynolds  numbers.  The  original 
test  plan  called  for  the  maximum  Reynolds  number  available  and  the 

balance  was  therefore  sized  and  calibrated  to  accomnodate  the  higher 
loads. 
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b.  Flow  Field  Test 

Estimates  of  the  precision  in  certain  test  parameters  at  a 
S5-percent  confidence  level  are  as  follows: 


Parameter 


Mach  Ko.  -  0.40 


Mach  Ko.  -  0.60 


M«> 

±  0.004 

±  0.C03 

Re, 

±  3.5  psf 

±  3.3  psf 

p  (Scanivalve) 

±5.8  psf 

±  6.2  psf 

p  (PPB  system) 

±  5.5  psf 

±4.8  psf 

o£.  (model) 

±0.15* 

±  0.15* 

OL (rake) 

t  0.05* 

±  0.05* 

t 

±  0.5* 

±  0.5* 

x/Oi rake) 

i  0.014 

±  0.014 

y/D(rake) 

±0.014 

t  0.014 

r/D(rake) 

±0.014 

±  0.014 
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SECTION  IV 

EXPERIMENTAL  RESULTS  OF  TKc  PRESSURE  AND  FORCE  TESTS 

The  effects  of  the  major  variables  In  the  experimental  program  have 
been  separatetf  into  sections.  The  intent  is  to  snow  trends  and  sensitivities 
as  functions  of  flow  field  and  geometric  variables.  Two  principal  question"- 
were  identified  as  the  test  plan  was  developed.  The  application  of  the 
test  data  to  flight  conditions  requiree  more  than  a  correction  to  the 
axial  force  coefficient  to  account  for  skin  friction  differences.  All 
of  the  static  force  and  moment  coefficients  would  be  sensitive  to 
boundary  layer  separation  at  high  angles  of  attack  and  some  type  of 
Reynolds  number  scaling  description  was  required.  The  second  question 
was  the  effect  of  the  nose  shape  on  the  separated  vortex  pattern.  The 
separated  vortices  induce  forces  and  moments  which  affect  flight 
characteristics.  Both  the  force  balance  data  and  the  surface  precsure 
data  were  used  to  show  the  experimental  trends. 

1.  PRESSURE  INTEGRATION 

The  pressure  data  offered  a  unique  opportunity  to  compare  aerodynamic 
characteristics  as  measured  from  two  Independent  sources.  The  pressure 
coefficients  were  Integrated  over  the  surface  of  the  missile  tc  obtain 
force  and  moment  coefficients.  The  integrated  values  were  then  compared 
with  the  direct  measurements  of  forces  and  moments.  The  comparison 
answered  questions  about  the  repeatability  of  data  and  instrusrcitaticn 
response  to  tine  dependent  pressure  fluctuations.  Structural  analysis 
requires  data  on  running  loads,  and  this  could  only  be  provided  by  the 
integrated  pressure  data.  Analytical  development  was  also  dependent  upon 
the  measurements  of  running  load  patterns. 

Pressure  integration  was  accceplished  using  qeometric  data  wh<ch 
describes  the  slope  and  location  of  each  tap  on  the  model.  Direction 
cosines  are  computed  at  each  tap.  Experimental  pressure  coefficients  are 
read  from  the  data  tape,  multiplied  by  the  appropriate  direction  cosines, 
and  integrated  with  respect  to  location  over  the  missile  surface. 
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Figures  14  through  16  present  cotrparisons  between  force  data  and 
integrated  pressure  data  for  the  K2B1  and  N6P2  configurations,  which  are 
typical.  The  normal  force  coefficients  for  oath  configurations  show  excel¬ 
lent  agreement  below  35-denree  angle-of -attack  but  at  35  degree?  and 
higher  some  differences  are  noteo.  The  effect  of  the  asyrjne*'’ic  '"low 
on  the  aerodynamic  coefficients  akovs  35  degrees  is  probably  the  biggest 
factor  causing  these  differences.  Differences  have  been  feend  in  expecteo 
normal  force  levels  for  other  cases  and  these  differences  invariably  occur 
when  the  anytime  trie  forces  are  very  laeoe.  The  axial  force  coefficient 
plots  show  that  with  corrections  for  base  axial  force  (Figur*  13)  end  skin 
Friction  the  integrated  pressure  data  would  agree  q:iite  well  with  the  forte 
data.  The  side  force  coefficient  at  35-degree  angle-of-attack  is  plotted 
versus  Hach  nunfcer  for  both  configurations.  These  figures  show  that,  in 
general,  the  magnitude  of  the  side  force  coefficients  is  the  same  but  that 
the  signs  may  be  different.  This  difference  in  signs,  even  with  just  snail 
angle-of-attack  differences,  indicates  that  the  flow  pattern  of  shedding 
vortices  and  their  frequencies  and  strengths  are  highly  dependent  on  a  large 
number  of  factors  which  must  be  systematical  tested  to  improve  analytical 
methods. 

The  pressure  data  can  reveal  much  more  about  what  is  happening  on 
the  model  as  opposed  to  total  forces  and  moments,  and,  as  such,  provides 
invaluable  information  for  research  on  asymmetrical  flow  phenomena. 

2.  ASYrtiETRIC  FORCES 

One  of  the  primary  objectives  cf  this  test  effort  was  the  investi¬ 
gation  of  asyemstric  flow  on  slender  bodies  at  angles-of-attack  above 
25  degrees.  The  large  model  at  high  Reynolds  number  combined  with  the 
large  iiach  number  range  and  13  nose  configurations  tested  provide  a 
wealth  of  useful  data  for  this  type  of  investigation. 

Figure  17  presents  the  absolute  value  of  the  ratio  of  side  force 
coefficient  to  normal  force  coefficient  (|Cy/CH|)  versus  angle-of  attack 
for  eight  of  the  configurations  at  Mach  mashers  0.4,  0.6,  and  0.8. 
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«.  N2B1  Ccnfiguratlci 


Figure  H.  Comparison  Retween  Integrated  Fresxun*  and  Force  SaUnce  Data 
tor  Serial  Force  Coefficient 
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a.  K2S1  Configuration 

Figure  15.  Coe*»ar>son  Between  Integrated  Pressure  and  Force  Balance  feta 
for  Axial  Force  Coefficient 
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b.  K6B2  Configuration 
Figure  16  (Concluded) 


a.  Mach  0.4,  SI  Sody 

Figure  17.  Effect  of  Angle-of-Attack  and  Configuration  Geometry  on  the 
Ratio  of  Side  Force  to  Normal  Force  Coefficient 


b.  Mach  0.4,  B2  8ody 
Figure  17  (Continued) 
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f.  Mach  0.8,  82  Body 
Figure  17  (Concluded) 
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Cne  of  the  most  interesting  results  is  the  effect  of  nose  shape  on 
the  development  of  side  force  with  increasing  angle-of-attack  above  25 
degrees.  The  lowest  fineness  ratio  nose  (N4)  is  shown  to  have,  in 
general,  much  lower  side  forces  at  all  Mach  numbers  than  the  other 
configurations,  while  the  tri conic  (N562,  H632)  nose  configurations  side 
forces  are  the  highest.  In  fact  at  Mach  0.4,  the  N5B2  side  force  is 
seen  to  be  as  much  as  73  percent  of  the  normal  force  at  a  *  40  degrees, 
while  the  N4B2  is  only  about  6  or  7  percent.  The  ogive  nose  (NT,  N2,  M3 
and  N4)  configurations  sid;  forces  generally  decrease  witii  decreasing 
fineness  ratio.  The  figures  again  show  the  side  forces  decreasing  with 
increasing  Mach  nimber,  dropping  from  30  to  40  percent  of  normal  force 
to  about  5  percent  —  going  from  Mach  0.4  to  0.8. 

The  section  on  Reynolds  number  effects  will  show  that  for  all  but 
the  N4B2  the  magnitudes  of  the  forces  and  moments  were  sensitive  to 
freestream  Reynolds  number  once  asymmetric  flow  had  occurred.  The  trends 
with  Reynolds  number  varied  with  configuration,  and  only  generalized 
statements  could  be  made  concerning  these  effects.  For  the  bluntest 
nose  configuration,  N4B2,  the  side  forces  and  yawing  moments  stayed  very 
small  with  Reynolds  number  variation;  other  nose  configurations  varied  so 
much  that  there  must  be  a  point  where  decreased  fineness  ratio  effects  on 
the  boundary  layer  are  such  that  symmetrical  shedding  is  continued  to  a 
much  higher  angle-of-attack.  For  other  nose  configurations  the  change  in 
Reynolds  number  probably  affects  flow  such  that  it  changes  the  vortex 
shedding  pattern  in  varying  ways. 

3.  REYNOLDS  NUMBER  EFFECTS 

The  MX  wind  tunnel  model  was  designed  to  as  large  a  scale  as  possible 
for  testing  at  maximum  dynamic  pressure  in  the  16T  facility.  The  primary 
purpose  for  this  was  to  test  at  the  highest  crossflow  Reynolds  number 
possible  because  of  the  very  large  angle-of-attack  encountered  by  the  MX 
air-launched  missile,  with  possibilities  of  large  side  forces  and 
yawing  moments  due  to  asyrmetric  vortex  flow  phenomena.  Simulation  of 
these  phenomenon  is  a  strong  function  of  crossflow  Reynolds  number,  Rfi  , 
and  crossflow  Mach  number,  fy.  The  expected  variation  of  full-scale  c 
Rg  with  Mj.  for  the  forward  and  rearward  launch  of  the  MX  3-80  missile 
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are  shown  in  Figure  13  along  with  the  wind  tunnel  values  run  during  the  HX 
testing  program.  Maximum  Re  for  full  scale  is  7.2  x  10®  at  Mj.  *  0.4 
while  wind  tunnel  Rg^  was  2.35  x  10®.  Although  the  mismatch  of  Reynolds 
number  is  apparent,  these  data  still  represent  some  of  the  highest 
Reynolds  nuttier  testing  at  very  high  angles-of-attack  to  date  and,  as  such, 
should  aid  in  unoerstanding  the  asymmetric  vortex  shedding  problem  area. 
Figure  19  shows  the  range  of  crossflow  Reynolds  numbers  covered  during 
these  tests  with  respect  to  crossflow  drag  coefficient. 

Since  the  primary  purpose  of  the  high  Reynolds  mater  was  to 
investigate  the  asymmetric  flow  phenomena  the  emphasis  in  looking  at  the 
data  was  concentrated  on  angles-of-attack  between  30  and  45  degrees. 

The  very  high  angle-of-attack  data  were  obtained  on  the  strut  model 
support.  A  data  shift  was  observed  when  strut  data  were  compared  with 
sting  data.  Indicating  support  interference  effects  due  to  the  forward 
swept  strut.  For  this  reason  the  sting-mounted  model  data  were  primarily 
used. 


Pressure  coefficient  data  for  the  N2B1  configuration  at  M  =  0.6, 
a  -  45°  and  Reynolds  nixnbers  Of  0.5,  1.0,  3.0  and  5.6  x  10°  are  shown  in 
Figure  20a  through  f.  A  scrutiny  of  each  station  reveals  that  the  effect 
of  Reynolds  number  on  the  pressure  distribution  varies  considerably.  Each 
station  has  its  own  variations  with  meridian  angle,  and  few  definite  trends 
could  be  noted.  The  positive  Cp  values  3re  virtually  unaffected  by  the 
changing  Reynolds  number,  while  the  negative  Cp's  fluctuate  with  the  Reynolds 
number.  At  station  10.5,  for  example,  the  pressure  distribution  is  symmet¬ 
rical  with  the  largest  negative  Cp  on  the  far  leeward  side  being  for  the 
lowest  Reynolds  nuober.  At  station  17.5  the  distribution  is  slightly  un- 
syiiretrical,  with  the  highest  Reynolds  meter  run  showing  the  largest 
negative  Cp  on  the  far  leeward  side.  For  meridian  angles  of  60  to  j 10 
degrees,  the  increasing  negative  C  corresponds  to  increasing  Reynolds 
number  in  most  cases.  A  noteworthy  effect  was  the  increasingly  unsymmet- 
rical  pressure  distribution,  particularly  at  the  higher  Reynolds  numbers, 
with  only  a  short  change  in  body  length.  At  station  17.5  the  distribution 
is  already  slightly  unsymnetrical,  and  at  X  =  26.5  the  distribution  is 
quite  unsymnetrical .  At  X  *  46.5  the  distribution  is  fairly  symmetrical 
again,  and  at  X  =  66.5  the  distribution  is  unsymnetrical ,  with  the  larger 
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figure  16. 


Variation  of  Crossflow  Reynolds  Number  with  Crossflow  tech 
Rusher 


Mn  <0.4 


Variation  of  Crossflow  Ora?  Coefficient  with  Crossflow 
Reynolds  Number 
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MX  REYNOLDS  NUMBER  EFFECTS 
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a.  X  •  10.5 

Figure  20.  F.ffect  of  Reynolds  Hcni-ar  on  local  PrrC.su«  C*ycf 
Distribution 
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4.  X  *  46.5 
figure  20  (Continued} 
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negative  values  to  the  opposite  side  of  the  X  =  26.5  values.  The  system¬ 
atic  variation  of  side  force  values  from  side  to  side  is  apparent  from  the 
pressure  data.  Depending  an  the  pattern,  the  integrated  side  forces  could 
give  a  small  summation  force;  whereas  with  the  unsymmetrical  pattern 
starting  so  far  forward,  the  yawing  moments  could  still  be  very  large. 

The  force  and  moment  balance  data  for  various  Reynolds  numbers  on 
the  N2B1,  N3B2,  N482  and  (I6B2  configurations  was  so  inconsistent  that  no 
definite  trends  could  be  estaolished.  Figures  21  through  22  show  the  Cj,, 
Cy  and  Cn  aerodynamic  coefficients  plotted  versus  angle-of-attack  for  the 
N2 SI  and  N382  configurations  at  =  0.6  for  four  different  Reynolds 
numbers.  Initial  conclusions  from  these  figures  would  indicate  that  the 
highest  Reynolds  number  would  have  the  largest  normal  force,  side  force, 
and  yawing  momant  coefficients  at  the  higher  angles  of-attack. 
Unfortunately,  the  balance  data  for  other  dach  numbe -s  and  configurations 
did  not  always  show  these  same  trends.  Crossplots  of  Cfj,  Cfl,  and  CR 
with  Reynolds  number  for  the  N281 ,  H3B2  and  II6B2  configuration  at  angles- 
of-attack  between  25  and  45  degrees  (shown  in  Figure  23)  demonstrate  that 
even  at  a  constant  Kach  number  of  0.6  the  trends  are  not  completely 
consistent.  Generally,  increasing  the  Reynolds  number  increased  the 
magnitude  of  the  side  force  and  yawing  moment  coefficients  and  increased 
normal  force  coefficients  over  the  medium  Reynolds  nwfcer  values. 

The  strut  data  for  the  N3B2  configuration  was  also  cross  plotted 
(Figure  24)  to  see  if  the  trends  noted  above  for  the  angles-of-attack, 

40  and  45  degrees  on  the  sting,  remained  the  same.  The  side  force  and 
yawing  moment  were  of  different  values  but  showed  the  same  trends.  The 
integrated  pressure  data  for  the  N2B1  configuration  w3S  also  plotted 
(Figure  25)  to  see  if  the  pressure  data  trends  were  similar.  These  plots 
show  a  different  shape  to  the  curves  with  the  increases  in  coefficients 
leveling  off  above  a  Reynolds  number  of  3.0  x  10®. 
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ANOU  OF’  ATTACK  IN-  0E0KEE8 
Effect  on  Side  Force  Coefficient 
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b.  H3B2  Configuration 
Hour*  23  (Continued) 
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Figure  25.  Integrated  Pressure  Force  and  Hooent  Coefficients  vs  Unit 
Reynolds  Nucier  -  N2B1  Configuration 
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4.  MACH  NUMBER  EFFECTS 

Testing  spanned  Mach  numbers  from  0.3  to  1.5  for  most  of  the  model 
configurations.  Figures  26  and  27  present  some  of  the  higner  angle-of- 
attack  aerodynamic  coefficient  data  showing  the  effect  of  increasing  Mach 
nuitfcer.  Figure  26  shows  the  Increasing  normal  force  coefficient  with 
increasing  Mach  number  for  seven  different  configurations  at  an  angle-of- 
attack  of  35  degrees.  Figure  27  shows  the  decreasing  side  force  and 
yawing  moment  coefficients  with  increasing  Mach  number.  These  plots  clearly 
demonstrate  that  asymmetric  force  phenomena  is  essentially  associated 
with  subsonic  Mach  numbers. 

5.  NOSE  SHAPE  EFFECTS 

Figure  28  shows  sketches  of  all  14  nose  shapes  which  were  built  for 
wind  tunnel  testing.  Figures  29  to  31  compare  the  HI.  N2,  N3  and  N4 
noses  (with  B1  body  length)  aerodynamic  coefficients  for  Mach  numbers 
of  0.4,  0.6  and  0.8.  The  N3B1  and  H4B1  data  are  integrated  pressure  results. 
At  Mach  number  0.4  the  normal  force  coefficient  for  the  N4B1  configuration 
is  noted  to  be  somewhat  lower  than  the  others  for  angles-of-attack  above 
30  degrees.  The  N1B1,  N2B1  and  N3B1  CN  values  are  very  close  and  all 
increase  rapidly  from  35  to  45  degrees.  The  side  force  and  yawing 
moment  coefficients  are  quite  small  until  angles-of-attack  increase 
above  25  degrees.  The  side  force  increases  rapidly  for  all  configurations, 
but  much  less  with  the  N4B1  than  with  the  other  three.  The  yawing  moment 
stays  relatively  small  until  40  degrees,  meaning  that,  although  the 
side  forces  are  large,  the  distribution  is  such  that  they  cancel  out  as 
moments,  then  increase  dramatically  for  the  H1B1,  N2B1  and  N3B1  con¬ 
figurations.  Again  the  N4B1  asymmetric  forces  are  much  less  tnan  the 
other  three.  At  Mach  number  0.6  the  plots  show  similar  trends  with  the 
exception  of  the  jump  in  normal  force  coefficient  of  the  N3B1  configuration. 
It  is  of  Interest  to  note  that  this  occurs  at  the  angle-of-attack  where 
the  N3B1  configuration  has  large  asymmetric  forces,  in  fact,  much  larger 
than  the  other  three  configurations.  The  Mach  number  0.8  data  show 
little  difference  in  CH  and  only  small  asymmetric  forces  for  all 
configurations. 
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a.  Configurations  N2B1,  N381  and  N4B1 
Figure  26.  Normal  Force  Coefficient  vs  Mach  Number  a> 
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Configurations  N3B2  and  N4B2 
Figure  26  (Continued) 
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Configurations  N5B2  and  N6B2 
Figure  26  (Concluded) 
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c.  Configurations  N3B2  and  K4B2  at  o  «  35° 
Figure  27  (Continued) 
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f.  Configurations  N5B2  and  N6B2  at  a  *  45 


Figure  27  (Concluded) 
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Figure  28.  Kodel  Configurations  and  ftcnenclature 
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ANQLE  OF  ATTACK  IN  OEOftEES 
c.  H  -  0.8 
Figure  31  (Concluded) 
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Figures  32  to  34  show  similar  results  for  the  N2B2,  N3B2,  N4B2  and 
N14B2  configurations  at  Mach  numbers  of  0.4,  0.6  and  0.8.  The  N2B2 
configuration  shows  much  larger  asymmetric  forces  and  moments  than  the 
lower  fineness  ratio  nose  configurations.  The  increased  tip  bluntness 
on  N14  compared  to  N4  showed  a  reduction  in  normal  force  coefficient  but 
with  no  additional  reduction  in  the  asymmetric  forces  and  moments. 

Figures  35  through  37  compare  the  two  5-caliber  triconic  noses  N5 
and  N6.  The  nose  tip  bluntness  on  H6  is  twice  that  of  N5.  Both  noses 
are  seen  to  have  large  side  force  and  yawing  moment  coefficients  at  the 
lower  Mach  numbers  and  that  no  advantage  was  gained  from  the  increased 
bluntness. 

The  effect  of  nose  tip  bluntness  on  the  aerodynamic  coefficients  of 
the  4-caliber  triconic  noses  for  Mach  numbers  0.4,  0.6  and  0.8  is  shown 
in  Figures  38  through  40.  N77  is  the  N7  nose  removed  from  the  cylindrical 
body,  rotated  180  degrees,  and  re-attached.  At  the  lower  Mach  numbers 
the  sharpest  nose  has  the  larger  normal  force  and  side  force  coefficients 
at  the  higher  angles-of-attack  but  the  N9  nose  configuration  with  its 
increased  bluntness  shows  no  additional  reduction  over  the  N8  nose 
confi gu ration. 

Similar  data  are  shown  in  Figures  41  through  43  for  the  3-caliber 
triconic  nose  configurations  N10,  Nil  and  N13.  The  N12  configuration  nose 
button  was  built  but  never  tested.  For  this  fineness  ratio  (3)  basic 
nose  shape,  increasing  the  bluntness  reduced  the  asymmetric  forces  and 
moments  only  at  Mach  0.4. 

The  effect  of  fineness  ratio  on  the  triconic-type  noses  is  shown 
in  Figures  44  to  46  comparing  N5B2,  N77B2  and  N10B2  configurations. 

These  are  the  smallest  nose  tip  bluntness  (.04  D)  noses  for  fineness 
ratio  5.0,  4.0  and  3.0  triconic  configurations.  At  Mach  0.4  all  three 
noses  exhibit  large  side  force  and  yawing  moment  coefficients  at  the  high 
angles-of-attack  with  corresponding  fluctuations  in  normal  force 
coefficients.  At  Mach  0.6  the  two  slender  nose  configurations  exhibit 
large  asymmetric  forces  and  moments.  At  Mach  0.8  the  largest  fineness 
ratio  (5.0)  configuration  still  shows  a  relatively  large  side  force 
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coefficient  at  angles-of-attack  above  30  degrees  even  though  there  appears 
to  t>e  a  shift  in  the  data. 

Several  of  the  previous  figures  show  offsets  in  the  side  force 
coefficient  curves,  with  fairly  large  values  at  low  angles  of  attack  and  no 
sideslip  angle.  No  explanation  is  readily  available  as  to  the  reason  for 
this.  Since  the  offset  was  not  constant  with  Mach  number  and  no  corres¬ 
ponding  yawing  moment  coefficient  was  shown,  the  shift  in  side  force 
coefficient  is  apparently  not  real  and  should  be  disregarded. 

Figures  47  through  49  compare  the  largest  tip  bluntness  triconic  nose 
configurations  for  effects  of  fineness  ratio  at  Kach  numbers  0.4,  0.6 
and  0.7.  These  plots  indicate  that  with  reduced  fineness  ratios  less  than 
4.0  calibers  the  asynmetric  forces  and  moments  are  greatly  reduced.  The 
5.0  and  4.0  caliber  fineness  ratio  nose  configurations  both  exhibit  large 
side  force  and  yawing  moment  coefficients  of  about  the  same  magnitude. 

The  final  plots  on  nose  shape  effects  compare  the  ogive  nose  (N3) 
and  triconic  nose  (N5)  configurations  of  comparable  fineness  ratio  at 
Hach  numbers  0.4,  0.6  and  0.8  (Figures  50  through  52).  The  ogive  nose 
configuration  has  smaller  asymmetric  forces  and  moments  than  the  triconic 
nose  configuration  particularly  at  Hach  number  0.4. 

The  data  show  that  the  smallest  length  to  diameter  nose  (N4, 

1/d  *  1.6333)  had  much  lower  asymmetric  forces  and  moments  than  any  of  the 
other  nose  shapes.  As  the  1/d  of  the  ogive  shape  nose  was  decreased, 
there  was  generally  a  decrease  in  the  asynmetric  forces  and  moments.  The 
triconic  nose  configurations  generally  had,  as  large  or  larger  asynmetric 
side  forces  and  yawing  moment  coefficients  as  the  ogive  nose  configuration 
of  the  same  length-to-dianeter  ratio. 

6.  BODY  LENGTH  EFFECTS 

The  N2  nose  configuration  was  the  only  one  that  was  force  tested  with 
and  without  the  9.8333-ir.eh-long  body  insert  in  the  0  to  45  degrees  anole- 
of-atUci  region.  Plots  of  the  aerodynamic  coefficients  comparing  the 
N231  and  N2B2  configurations  at  Hach  numbers  0.4,  0.6  and  0.8  are  shown 

in  Figure  53.  The  figures  show  the  expected  resulting  effects  of  increased 

2 

planfora  area.  8ase  Area  of  45.36  in.  was  kept  constant. 
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Of  particular  interest  is  the  effect  of  Increased  length  on  the 
running  loads  patterns.  Figure  54  shows  the  H4B1  and  N482  normal  force 
and  side  force  coefficients  at  each  pressure  station  at  Mach  umber  0.4, 
and  an  angle  of  attack  of  40  degrees.  The  patterns  shown  are  very 
similar,  with  the  exception  of  the  dropoff  in  CN  at  the  aft  end  of  N4B2, 
caused  by  base  effects.  The  next  figure  (Figure  55)  compares  the  running 
loads  for  the  N3B1  and  N3B2  configurations  at  Mach  number  0.6  and  an 
angle-of-attack  of  40  degrees.  Again  the  patterns  are  similar.  These 
results  indicate  that  the  extended  body  continues  the  running  load 
pattern  of  the  shorter  body  length. 

Body  length  effects  on  asymmetric  forces  were  also  studied  in 
Reference  20,  which  contains  test  data  on  nose  configurations  without 
an  afterbody  and  with  a  detached  afterbody.  The  research  found  that 
no  changes  in  the  nose  asymmetric  forces  and  moments  occurred  due  to 
the  presence  of  an  afterbody. 

7.  ROLL  ANGLE  EFFECT a 

During  the  second  force-and-moment  test  entry,  which  was  the  last 
of  the  five  entries  in  16T  for  this  test  series,  roll  angles  were  varied 
from  -10  to  190  degrees  at  several  high  angles-of-attack  at  Mach  numbers 
of  from  0.4  to  0.7  to  investigate  the  effect  of  roll  angle  on  the 
asymmetric  forces.  Repeatability  of  the  continuous-roll  data  was 
checked  by  recording  data  from  -10  to  190  degrees  and  from  190  to  -10 
degrees.  Good  repeatability  was  found  on  several  different  configurations 
so  the  remaining  roll  runs  were  made  in  only  one  direction.  The  model 
was  rolled  at  a  rate  of  2  degrees  per  second.  Data  were  recorded  at  a 
rate  of  100  samples  per  second  on  magnetic  tape  for  off-line  analysis 
(Reference  43).  As  a  check  on  the  validity  of  the  continuous-roll 
procedure,  data  were  taken  using  manual  roll  settings  with  the  model 
held  stationary.  Excellent  agreement  was  obtained  as  shown  in 
Figures  56  (a)  and  57  (a).  Figures  56  through  57  show  the  effect  of  roll 
angle  on  CH  and  Cy  for  the  N2B2  configuration  at  Mach  numbers  0.4,  0.6 
and  0.7.  These  plots  Indicated  the  necessity  of  rolling  the  model  to 
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determire  the  maximum  side  force.  Figures  56  (a)  and  57  (a)  include  the 
manual  roll  settings  and  angle-of-attack  sweep  points  which  indicate  the 
repeatability  of  the  test  data. 

Figures  58  through  59  snow  the  effect  of  roll  angle  on  the  N14B2 
configuration  for  Mach  numbers  from  0.4  to  0.7.  The  side  force  coefficient 
is  seen  to  vary  between  -1.0  and  1.7  at  Mach  number  0.4,  depending  on 
the  roll  angle. 

To  shed  some  light  on  the  effect  of  possible  nose  asymmetries  on  the 
asymmetric  forces,  the  triconic  nose  N7  was  removed  from  the  B2  body  and 
reinstalled  180  degrees  from  its  original  position  (and  designated  N77). 
Theoretically  if  the  nose  asymmetries  caused  the  asymmetric  flow  pattern 
the  data  should  now  be  shifted  180  degrees.  Figures  60  and  61  show  the 
results,  which  reveal  a  lack  of  repeatability  at  roll  angles  of  0  degrees 
and  180  degrees.  This  may  have  been  caused  by  a  change  in  the  asymmetry 
of  nose  to  body  alignment  when  the  nose  was  reinstalled. 

8.  GRIT  EFFECTS 

A  large  number  of  the  sting-mounted  configurations  were  tested  with  a 
boundary-layer  transition  strip  around  the  nose.  The  transition  strip 
consisted  of  a  1/8-inch-wide  ring  of  "grit"  around  the  nose.  The  grit 
consisted  of  No.  70  (approximately  .0083-inch-diameter)  glass  spheres 
glued  on  with  Polaroid  print  fixer.  The  chart  in  Figure  62  lists  the 
location  of  the  grit  rin'  for  each  of  the  14  ncse  configurations.  The 
N1B1  configuration  was  also  pressure  tested  with  two  lengthwise  strips  of 
grit  located  30  degrees  either  side  of  the  windward  meridian  for  tripping 
the  boundary  layer  when  the  model  was  at  high  angles-of-attack. 

Plots  were  generated  comparing  grit  ring  on  and  off  results  of  the 
higher  Reynolds  nutifcer  runs.  Typical  normal  and  axial  force  coefficient 
results  are  shown  in  Figure  63.  No  regular  trends  were  apparent  ir  these 
data.  To  isolate  the  grit  effects,  if  any,  on  the  aerodynamics  at  higher 
Reynolds  numbers,  the  differences  between  CN>  Cft,  Cn  and  Cy,  with  and 
without  grit,  for  the  N382  were  plotted  for  Mach  numbers  of  0.3  to  0.9. 
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Figures  64(a  through  d)  show  typical  results.  The  CN  plots  show  very 
small  differences,  less  than  +3  percent,  for  angles-of-attack  less  than 
30  degrees.  Above  30  degrees  the  differences  were  larger  but,  again, 
both  positive  and  negative.  The  CA  differences  are  also  very  small  and  the 
values  graph  on  both  sides  of  zero.  Since  the  expected  effect  of  roughness 
would  be  to  increase  axial  force,  the  changing  sign  indicates  the  differences 
are  probably  within  the  accuracy  of  tne  balance.  Side  force  coefficients 
and  yawing  moment  coefficients,  Cv,  and  f  ,  have  very  small  differences  for 
angles-of-attack  less  than  35  degrees.  The  differences  become  large 
above  30  degrees,  but  this  is  due  more  to  the  nature  of  the  asymmetric 
flow  field  (i.e.  large  forces  of  opposite  signs)  and  model  dynamics  than 
can  be  contributed  to  grit  effect. 

Figure  65  shows  typical  pressure  coefficients  for  the  N2B1  configuration 
3.5-1nch  station  plotted  for  grit  ring  “on"  and  "off."  No  difference 
could  be  seen,  lending  strength  to  the  conclusion  that  the  grit  ring  at 
the  higher  Reynolds  number  (3.0  x  106  per  foot)  had  no  regular  effect 
on  the  aerodynamics. 

The  N1B1  configuration  without  grit,  with  a  grit  ring  on  the  nose  ar.d 
with  both  the  grit  ring  and  lengthwise  grit  strips  (N1B1,  N1B1G,  N1B1GS 
respectively)  aerodynamic  coefficients  are  compared  in  Figures  66  and  67 
for  Hach  numbers  0.4  and  0.6  at  high  Reynolds  nianbers.  The  grit  affects 
the  asynmetric  force  values  at  angles-of-attack  greater  than  20  degrees. 

The  grit  strips  tend  to  Increase  the  normal  force  coefficient  and  yawing 
moments  at  angles-of-attack  as  low  as  25  degrees.  The  maximum  yawing 
moments  are  encountered  with  tne  grit  strips  for  these  conditions. 

To  determine  if  the  addition  of  the  grit  ring  plus  grit  strips 
improved  Reynolds  number  simulation,  the  H1E1  and  N1B1GS  data  for  low 
Reynolds  number  was  compared  with  the  data  of  NIB!  for  high  Reynolds 
number  at  Hach  nunber  0.6.  No  benefits  from  adding  the  grit  could  be 
found.  In  fact,  the  no-grit  run  matched  the  high  Reynolds  number  data 
better  than  did  the  configuration  with  grit  ring  and  strips.  This  is 
shown  in  Figure  68.  The  low  Reynolds  number  data  are  subject  to  a  nuch 
greater  uncertainty  due  to  the  low  dynamic  pressures  and  resulting  forces 
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on  a  balance  designed  for  very  large  loads.  The  large  Reynolds  number 
effects  discussed  in  another  section  indicates  that  the  wind  tunnel  testing 
should  be  done  at  the  highest  possible  Reynolds  number  and  that  grit, 
at  least  of  this  size  and  patterns,  will  not  improve  Reynolds  number 
simulation.  Leland  Jorgensen  (Reference  22)  also  conducted  tests  with  a 
ring  of  glass  spheres  about  the  nose.  These  tests  also  show  negligible 
effects  of  small-type  grit  on  aerodynamics  at  high  Reynolds  numbers. 

9.  STRUT/STING  EFFECTS 

The  use  of  a  large  model  with  resulting  large  aerodynamic  loads 
Imposed  large  bending  loads  on  the  knuckle  joint  of  the  support  system. 

The  strut  was  swept  forward  to  reduce  the  bending  loads  but  this 
increased  strut  support  interference,  causing  some  compromise  of  the  very 
high  angle-of-attack  data. 

Plotted  data  show  sizeable  offsets  between  strut  angle-of-attack 
range  sectors  as  well  as  between  sting-to-strut  data.  Figures  69  and  70 
show  the  N3B2  force  and  moment  data  for  angles-of-attack  of  from  0  to 
180  degrees  at  M  =  0.4  and  0.6  respectively.  Obvious  mismatches  are 
shown,  particularly  at  45-  and  90-degree  overlap  points.  These  data 
results  are  typical  of  other  plotted  results.  The  low  Hach  number  dip  in 
normal  force  coefficient  at  about  70  degrees  angle-of-atUck  (shown  in 
Figure  69(a))  occurred  in  both  integrated  pressure  and  force  plotted  data. 

Figure  71  shows  integrated  pressure  data  and  force  data  for  the  H3B2 
configuration  at  Hach  number  0.6  for  the  5-  to  80-degree  angle-of-attack 
range.  Again  some  mismatch  is  apparent.  The  same  types  of  data  are  shown 
in  Figures  72  and  73  for  the  N2B1  configuration  at  Mach  numbers  0.4  and 
0.6.  The  normal  force  coefficient  overlap  agreement  is  better,  but  the 
side  force  coefficients  are  quite  different.  It  is  difficult  to  deter¬ 
mine  which  differences  are  due  to  sting  or  strut  and  which  are  due  to  the 
unpredictability  of  the  asymmetric  forces,  since  they  are  functions  of 
many  variables,  e.g. ,  roughness,  model  asymetries,  Hach  number,  angle- 
of-attack  and  roll  angle. 
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Figure  74  shows  the  percentage  difference  In  normal  force  coefficient 
at  angles-of-attack  of  40  and  45  degrees  between  the  sting-  and  strut- 
mounted  N3B2  configuration.  The  difference  is  seen  to  decrease  with 
increasing  Mach  number. 

10.  ROCKET  EXHAUST  EFFECTS 

Simulation  of  exhaust  in  these  wind  tunnel  tests  is  based  on  using 
high-pressure  room  temperature  air  with  the  scaling  of  several  matching 
parameters.  For  the  MX  test  program  the  primary  objective  was  to  obtain 
as  high  a  Reynolds  number  as  possible,  which  meant  testing  as  large  a 
model  as  feasible.  The  model  scale  selected,  combined  with  the  MX  rocket 
characteristics,  prevented  full  simulation  of  the  desired  parameters,  i.e. 
momentum  flux  (PeVe  Ae/P.V.  A,)  and  the  ratio  of  exit  static  pressure  to 
freestrearo  static  pressure.  Calculations  of  the  free-flight  values  of 
these  parameters  were  based  on  engine  specifications  and  system  performances 
analysis  data  provided  by  SAMSO/TRW.  A  flight  Mach  number  of  0.74  at 
29,600-foot  altitude  for  the  MX  =  3/80  missile  was  used  to  calculate 
freestream  free-flight  conditions.  An  exit  Mach  number  of  3.0  was 
selected  for  model  scaling  as  compared  to  a  full-scale  exit  Mach  number 
of  4.38.  Even  though  the  maximum  weight  flow,  40  #/sec,  available  for  tests 
in  the  PUT  16T  facility  and  geometric  scaling  of  the  exit  area  was  used, 
neither  of  the  desired  parameters  could  be  matched  without  a  tremendous 
increase  in  weight  flow  rates  (Figure  75).  Even  with  the  mismatch 
between  parameters  it  was  felt  that  the  simulation  would  still  give  some 
indications  of  the  effects  of  the  plume  on  the  MX  missile  and  was  obviously 
better  than  no  simulation  at  all.  Data  from  the  Air  Slew  Missile  tests 
with  jet  “on"  and  “off"  showed  Urge  jet  effects  at  high  angles-of-attack 
(a  >  46)  but  also  showed  that  values  of  1/2  matching  conditions  gave 
about  the  same  increments  in  forces. 

It  was  originally  planned  that  Jct-on  testing  for  angles-of-attack 
greater  than  45  degrees  would  be  conducted  during  both  pressure  test 
entries  and  a  force  data  entry.  Curing  the  early  runs  of  the  first 
pressure  entry,  severe  model  dynamics  >vere  encountered  at  teen  number  0.6 
and  a  Reynolds  number  of  5.6  x  10^,  resulting  In  reduced  Reynolds  number 
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testing  for  lator  entries.  After  tne  first  entry  was  completed,  cracks 
were  found  In  the  weld  joints  In  the  leading  and  trailing  edges  of  the 
strut  high-pressure  air  plenum.  The  jet-on  data  for  the  first  entry  Is, 
therefore,  questionable  due  to  what  nay  have  been  considerable  leakage 
of  high  pressure  air  from  the  strut.  The  strut  could  not  be  properly 
repaired  in  time  for  the  subsequent  force  testing,  thus  no  jet-on 
force  data  was  obtained.  After  the  force  data  testing,  the  model  stmt 
was  electron-beam  welded  and  successfully  used  in  the  second  pressure 
entry  in  testing  of  the  N382  (MX  3/1FC)  model. 

Figure  76  shows  the  pressure  distribution  about  the  N3B2  configuration 
at  90-degree  angles-of-attack  and  Mach  number  0.6,  starting  at  the  most 
aft  station  forward  to  station  23.58  for  jet-off,  jet-on,  and  jet-or 
deflected  15  degrees.  The  positive  pressure  is  only  affected  at  the 
most  rearward  station;  whereas  the  negative  pressure  coefficients  are 
still  effected  at  X  -  23.58.  The  deflected  jet-on  added  only  a  small 
effect  to  the  non-deflected  jet-on  pressure  increment.  The  jet-on 
increased  the  negative  pressures  at  all  of  the  stations  shown. 

Figures  77  and  78  shew  the  integrated  pressure  data  of  N3B2  at 
Mach  matters  0.6  and  0.8,  respectively,  for  jet-off,  jet-on  and  deflected 
jet-on  for  angles-of-attack  of  from  40  to  90  degrees.  For  angles-of-attack 
above  60  degrees  the  effects  of  the  rocket  exhaust  plume  on  missile 
aerodynamics  become  increasingly  important.  The  impact  of  what  was  shown 
in  the  pressure  coefficient  plots  is  reflected  in  the  integrated  forces, 
i.e.,  increasingly  negative  pressure  coefficients  as  proximity  to  nozzle 
Increases,  gives  a  normal  force  coefficient  Increment  (flC^)  which  increases 
and  a  pitching  moment  coefficient  increment  (flC^.)  increasingly  negative  as 
angle-of-attack  increased.  The  deflected  nozzle  integrated  data  show  only 
a  small  additional  increment  in  Cjj  and  Cm-  Note  that  the  pressure  data 
was  Integrated  using  the  nose  (X  *  0)  station  as  the  moment  reference 
center. 

Figu-e  79  shows  the  Integrated  pressure  normal  force  coefficient 
for  the  N2B1  configuration  from  the  first  pressure  entry.  The  increments 
are  about  the  same  as  H3B2  with  Oet-on,  which  indicates  that  the  strut 
leaks  were  either  small  or  had  little  influence  on  the  pressure  measurements. 
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Reynolds  number  effect  on  jet-on  integrated  coefficients  were 
similar  to  jet-off  at  lower  angies-of-atiack;  out  in  the  130-  to 
18C-degree  angle-of-attack  range,  the  increments  in  coefficients  for  the 
jet-on  were  much  less  than  far  jet-off,  indicating  that  the  plume  is  one 
of  the  dominating  factors  for  very  high  angles-of-attacle  aerodynamics. 
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SECTION  V 

EXPERIMENTAL  aOW  FIELD  RESULTS 

To  gain  additional  Insight  Into  the  data  characteristics  from  SECTION 
IV,  attention  was  focused  on  the  N2Bi  configuration  previously  described. 
For  this  configuration  the  experimental  test  results  from  References  43 
through  45  were  supplemented  with  experimental  wake  flow  data  obtained 
In  the  16T  wind  tunnel  at  AEDC.  The  data  are  representative  of  flight 
conditions  where  the  maximum  out-of-plane  (side)  forces  were  observed  to 
occur. 

In  the  following  paragraphs  the  crossflow  velocity  data  will  be  shown 
for  all  of  the  test  conditions.  A  limited  analysis  of  the  data  will  be 
made  for  the  Mach  0.4  data  at  alpha  40  and  45  degrees.  No  analysis  was 
made  for  the  Mach  0.6  data  however  because  cf  Its  unsteady  nature.  In 
a  later  section  a  more  detailed  analysis  Is  cade  using  presently  aval'- 
able  analytical  procedures.  In  the  mare  detailed  analysis,  however,  only 
the  Mach  0.4  data  at  45  degrees  alpha  were  used  because  it  Is  representa¬ 
tive  of  maximum  side  force  conditions.  Experimental  results  from  other 
references  were  used  to  aid  the  analysis. 

1.  CROSS  FLOW  VELOCITY 

fhe  velocity  field  in  the  body  axis  system  may -be  written 

II  =  Ua  cos  a  *  u 

V  =  v 

1  1  U#  sin  a  +  w  (4) 

where  U,,  is  the  freestream  velocity  and  u,  v  and  w  are  the  induced  or 
"perturbation"  velocity  components.  In  the  present  test,  the  9-cone 
probe  rake  was  positioned  parallel  to  the  tunnel  centerline  and  the 
missile  was  pitched  to  angle-of-attack.  Thus  the  rake  measured  the 
perturbation  components.  Figures  80  through  82  show  the  crossflow 
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"perturbation"  velocity  component  measurements  in  the  crossflow  plane 
and  have  been  nondimenstonalized  by  the  freestream  velocity,  i.e. 


V  = 


k 


(5) 


Note  also,  that  the  Z/0  =  0.5  location  for  the  velocity  plots  corresponds 
to  the  top  of  the  model  surface.  For  the  Mach  0.4  data  at  45-degree 
angle-of-attack  (Figure  80)  the  only  discernible  vortex  •.  nter  is  the 
one  at  X/D  =7.4  appearing  on  the  left  (looking  upstream  from  the  rear 
of  the  mcdel)  at  about  1.5  diameters  above  the  model  centerline.  The 
absence  of  distinct  vortex  centers  near  the  model  nose  (X/D  =  3.78)  is 
probably  a  result  of  not  obtaining  data  dose  to  the  model  surface  (due 
to  fine  limitations  for  the  test).  This  conc’usion  is  also  supported  for 
example  in  References  15,  46,  and  47  which  indicate  that  near  the  nose 
body  juncture  the  vortices  He  very  close  to  the  model  surface.  The  lack 
of  distinct  vertex  cores  in  the  remaining  data  at  Mach  0.4  and  45-degree 
angle-of-attack  indicates  the  presence  of  a  shear  layer,  which  results 
in  diffused  velocity  distributions  with  no  clearly  defined  vortex  centers 
evident. 


As  previously  mentioned,  the  selected  roll  angle  at  40-degree  angle- 
of-attack  at  Mach  0.4  and  0.6  did  not  result  in  maximum  side  force  loads. 
It  is  instructive,  however,  to  observe  the  data  at  these  conditions.  The 
velocity  vectors  at  X/D  =  7.4  indicate  the  presence  of  nearly  two  syrametri 
cal  vortex  cores.  At  Mach  0.4  and  40-degree  angle-of-attack,  the  vortex 
center  on  the  left  at  station  X/D  =  7.4  lies  approximately  1.1  diameters 
above  the  model  centerline,  and  the  vortex  center  on  the  right  is  at  0.8 
diaraet:rs  above  the  model  centerline.  At  Mach  0.6,  two  symmetrical  vor¬ 
tices  appear  at  approximately  1.1  diameters  above  the  model  centerline. 

The  absence  of  data  in  the  center  regions  of  flow  Held  (i.e.  in  the 
neighborhood  of  the  X/0  »  0  axis)  is  the  result  of  the  total  flow  angu¬ 
larity  exceeding  the  probe  calibration  lim'ts.  This  unfortunate  loss  of 
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Igure  81.  Experimental  Crossflow  Perturbation  Velocities  at  Mach  0.4 
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Figure  82.  Experimental  Crossflow  Perturbation  Velocities  at  Kach  0.6 
and  40*0egrw  Angle-of-Attack 
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data  precludes  the  determination  of  the  vortex  strengths  frc#  this  set 
of  data.  Estimates  of  the  vortex  shedding  locations  nay  bt  deduced  as 
described  to  the  following  paragraphs. 

2.  SEPARATION  LOCATIONS 

The  data  from  the  present  test  only  provided  visible  vortex  cores 
at  one  axial  location,  X/D  »  7.4.  To  estimate  the  position  where  the 
vortices  leave  the  body  (t.e.  the  separation  locations).  It  becomes 
necessary  to  rely  on  the  results  of  previous  experiments  as  well  as 
engineering  judgement.  Nearly  all  experiments  where  data  were  obtained 
very  close  to  the  model  surface  (refer  for  example  to  References  15.  46 
and  47)  Indicated  that  the  first  vortex  shed  was  neat'  the  nose  tip. 
Furthermore,  Reference  15  indicates  that  the  asymmetric  vortices  shed 
at  parallel  lines  and  that  the  vertica1  distance  between  vortices  of 
unlike  sign  correlate  as: 


z/d 


tan; 

:  - 

tana 


0.5 

S 


(6) 


where  5  *  Angle  between  the  vortex  lines  and  the  body  axis,  and  S  « 
Strouhal  number. 

References  15,  46  and  47  show  that  the  Strouhal  number  is  a  function 
of  crossflow  Mach  number  and,  for  the  present  test  condition,  is  approxi¬ 
mately  0.2.  If  it  is  assumed  that  the  vortex  center  farthest  from  the 
missile  centerline  at  station  X/D  ■  7.4  (the  one  on  the  left  for  the 
present  set  of  data)  is  the  one  shed  from  the  nose  tip,  tiler.  Equation 
6  yields  the  apparent  location  of  successive  vortex  centers.  This  can¬ 
not  be  verified  from  the  present  set  of  flowfield  data  because  of  the 
diffused  nature  of  the  crossflow  velocities  downstream  of  X/D  -  7.4. 
Referring  to  Figure  83,  the  circle  symbol  denoted  the  measured  vortex 
at  station  X/D  *  7.4  that  was  clearly  visible  in  the  experiment  and  was 
assumed  to  be  the  one  shed  vrom  the  nose  tip.  An  additional  simplifi¬ 
cation  was  to  assume  that  vortex  centers  can  be  extrapolated  back  to  the 
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Figure  83.  Deduced  Vortex  Separation  Locations 
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body  In  a  straight-line  fashion  to  locate  the  apparent  separation 
locations.  Thus  the  deduced  location  of  the  vortex  on  the  right  was 
obtained  from  Equation  6,  and  the  apparent  separation  location  was 
deduced  by  extrapolating  back  to  the  body  along  a  vortex  line  parallel 
to  the  one  originating  at  the  nose  tip  and  connected  with  the  measured 
vortex  core  evident  in  the  experiment. 

3.  SIDE  FORCE  COEff IClENf  DISTRIBUTION 

Th®  local  side  force  coefficient  distribution  along  the  missile 
axis  was  obtained  oy  integrating  the  missile  surface  pressure  data.  The 
Jesuits  are  presented  in  Figure  24.  It  is  of  Interest  to  compare  the 
estimated  vortex  separation  locations  as  determined  from  the  previous 
section  with  the  local  side  force  coefficient  distribution.  Note  that 
the  sinusoidal  peaks  in  the  side  force  coefficients  occur  in  the  vicin¬ 
ity  of  the  estimated  vortex  separation  location.  Due  to  the  uncertainty 
in  determining  the  vortex,  separation  location,  r.o  direct  correlation 
with  maximum  local  side  force  can  be  firmly  established.  However,  in 
Section  VI  of  this  report  a  more  detailed  analysis  gave  the  same  result; 
i.e.,  the  maximum  local  side  force  coefficients  correspond  to  the 
separation  location  of  the  shed  vortices  from  the  model  surface. 


4.  UNSTEADY  HAKE-PRESSURE  DATA 

A  second  phase  of  the  test  program  was  to  measure  the  unsteady 
pressure  data  in  the  missile  wake  near  the  model  surface.  This  was 
accomplished  with  a  S-probe  rake  of  Identical  dimensions  as  the  one 
used  for  the  static  pressure  wake  data.  Each  probe  on  the  rake  was 
instrumented  with  Kullte  transducers.  The  rake  was  positioned  approxi¬ 
mately  0.5  diameters  above  the  missile  surface  and  was  traversed 
parallel  to  the  model  centerline  in  the  axial  direction  The  most 
forward  position  was  limited  by  the  test  hardware  for  a  given  angle- 
of-attack,  tmt  data  were  generally  obtained  at  axial  locations  in  the 
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neighborhood  of  the  peak  side  forces.  The  pressure  coefficient  based 
on  RMS  pressure  of  each  probe  is  defined  as: 

CpRMS  *  ^RMS  -  ^ 

<£  V) 

where  PTr^s  =  RMS  total  pressure  of  the  unsteady  Kulite  probe  data 

*  ?m  »  Tunnel  static  pressure 

“  Tunnel  static  dynamic  pressure 

The  results  near  the  missile  centerline  is  presented  in  Figure  85. 
No  correlation  with  the  deduced  separation  from  the  previous  section 
could  be  established.  At  alpha  45  degrees  a  minimum  occurs  in  Cp^ 
at  the  estimated  vortex  separation  location  (X/D  »  4.8).  However, 
at  alpha  40  degrees  a  maximum  occurs  In  CpRMS  at  the  estimated  vortex 
separation  location  (X/D  *  6.9). 
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SECTION  VI 

ANALYSIS  OF  THE  HAKE  FLOW  FIELD  AND  MISSILE 
AERODYNAMICS  USING  DISCRETE  VORTEX  THEORY 

This  section  presents  additional  analysis  of  the  experimental  flow 
field  data  from  Section  V,  in  conjunctive  with  the  model  surface  pressure 
data  from  Reference  44.  Certain  aspects  of  a  currently  existing  discrete 
vortex  theoretical  model  developed  by  Hardlaw  (Reference  48)  was  utilized. 
The  analysis  method  was  extended  to  Include  the  determination  of  the 
detailed  model  surface  pressures.  Vortex  strengths  from  previous  experi¬ 
mental  studies  were  used  In  the  theoretical  model,  and  the  vortex  paths 
were  determined  empirically  to  result  in  reasonable  comparisons  with 
detailed  model  surface  pressure  data  and  flow  field  data. 

Earlier  examinations  (Reference  49)  using  the  analysis  of  Reference 
48  showed  that  the  calculated  vortex  paths  did  not  provide  good  compari¬ 
sons  with  the  local  normal  and  side  force  coefficients  distributed  along 
the  missile  axis.  To  improve  on  the  results  from  Reference  49,  the 
present  Investigation  used  the  shed  vortex  strengths  as  a  function  of 
crossflow  Hach  number  (which  varies  with  angle-of-attack)  as  reported 
In  Reference  15.  The  vortex  paths  were  deduced  from  the  measured  wake 
data  at  Hach  0.4  and  45-degree  angle-of-attack  (as  discussed  in  Section 
v. 2  (see  Figure  83) ) .  At  other  Mach  numbers  and  angles-of-attack,  the 
vortex  paths  were  determined  In  an  Iterative  procedure  by  comparing  the 
experimental  pressure  data  with  the  calculated  values.  The  vortex  paths 
that  resulted  in  reasonable  comparisons  with  the  experimental  pressure 
data  were  selected  as  the  representative  paths  In  the  analytical  study. 

The  calculations  used  concentrated  vortex  theory  to  model  the  wake. 

Details  of  the  theoretical  model  and  comparisons  with  tne  wake  flow 
measurements  and  model  surface  pressure  distributions  are  described 
In  the  following  sections. 

1.  THEORETICAL  MODEL 

The  three-dimensional  vortex  wake  which  develops  due  to  separated 
flow  over  a  missile  at  high  angles-of-attack  Is  the  result  of  a  complex 
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Interaction  between  the  inviscid  vortex  flow  In  the  wake  and  the  boundary 
layer  on  the  lee  side  of  the  missile  surface.  At  very  low  Reynolds  num¬ 
bers  the  flow  Is  characterized  by  a  nearly  pure  Von  Karman  idealization 
with  nearly  constant  periodic  shedding  of  constant  strength  vortices  in 
a  laminar  wake.  The  basic  parameter  for  describing  the  period  of  the 
vortex  shedding  is  Strouhal  number  $,  which  is  defined  as; 

S  =  nd/U  (8) 

where  n  is  the  frequency  of  shedding  of  vortices  of  like  sign,  d  is  the 
diameter  of  the  cylinder  and  U  is  the  normal  component  of  free  stream 
velocity  (Reference  15).  As  the  crossflow  Reynolds  number  increases 
beyond  the  critical  range  of  105  <  R  <  3.5  x  106,  the  wake  narrows 

U 

and  becomes  turbulent  while  the  flow  ahead  of  separation  on  the  missile 
surface  is  still  laminar.  Further  Increases  in  Reynolds  number  beyond 
3.5  x  136  results  in  transition  to  turbulent  flow  on  the  front  face  of 
the  missile  cross  section  and  generally  an  unsteady  wake.  A  rigorous 
piocedure  to  describe  the  flow  field  above  the  critical  Reynolds  number 
has  not  beer,  developed.  It  was  decided,  therefore,  to  rely  on  a  pre¬ 
dictive  technique  which  had  been  developed  using  Kaman  vortex  street 
theory  with  the  sweepback  principle  employed  as  used  by  Wardlaw  (Refer¬ 
ence  48).  In  this  method,  the  crossflow  field  is  swept  down  the  length 
of  the  body  at  the  late  cos  a. 

At  each  axial  station  the  flow  field  is  taken  to  be  analogous  to 
flow  about  a  circular  cylinder  whose  velocity  is  sin  a,  and  whose 
radius  is  equal  to  thu  body  radius  at  that  axial  location.  The  wake 
is  modeled  by  concentrated  vortices  trailing  from  the  body.  The  necessary 
parameters  to  calculate  the  flow  field  velocities,  and  thus  the  pressures 
on  the  missile  surface,  are  the  concentrated  vortex  strengths  and  their 
locations  in  the  wake.  Figure  86  shows  a  schematic  Illustrating  the  flow 
field  model.  A  typical  side  force  distribution  resulting  from  the 
experiments  is  also  illustrated.  The  calculated  pressure  distributions 
in  the  present  study  relied  on  the  measured  and  deduced  vortex  strengths 
and  positions  as  a  function  of  both  Kach  number  and  angle-of-attack. 
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In  this  sense  the  analysis  Is  not  rigorous  and  depends  entirely  on 
intuitive  Interpretation  of  the  scatter  and  at  times  lacks  empirical 
evidence. 


a.  Velocity  P.elatlonships 

The  coordinate  system  for  the  following  analys's  Is  defined 
In  Figures  86  and  87.  The  analysis  relies  on  the  complex  velocity 
potential  developed  by  Hardlaw  (Reference  48)  for  concentrated  vortices 
which  Is: 


where  U  -  IMIna  and  ?  «  y  +  la 

The  real  part  of  the  complex  velocity  potential  is: 

REALM"  u  [  2(1  *  J±_  )  +  _!_£  r,  | tan*'  (Z'Zj)-  tan'*  (Z~r*,r)Zi)  \ 
L  y*+zl  2rU  j=l  '  y-y.  y-rJ/rJ.y.  J 

♦  _r dr  in  Jy2*!1  I 

tana  dx  J  (10) 

The  velocity  components  u,  v  and  are  obtained  through  the 
partial  differentiation  of  the  real  part  of  the  complex  potential  with 
respect  to  x,  y  and  z. 

Letting'  fj  *  z-zi 
=j  * 

Vi'r 

r< 

•i 

h  *  y-Rjyj 
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u/U  «  2zrr'  r  1  !  [  /  (  tan_,^j  -tan* 

7^  ht  z^[rs  \  9j 

> 

+r,  {  '9i2.i+fiyi  -tj  [  Rjyj+2yjr/rj(r:Rjrj)  1 

[  Rj2j+22jr/rj(rlRjrj) 

+  £n/yI+;7  [(r)2+rr  j 

(id 

tana 


where  the  prime  notation  denotes  dlfferenatlon  with  respect  to  x. 
The  dlfferenatlon  of  the  above  terms  with  respect  to  x  Is  obtained 
In  the  following  manner: 


From  rj  = 


dy^  ,  dy^  dt  s  vj  _  dt 

dx  dt  dx  dx  (12) 

From  crossflow  theory  t  1  _x _  ,  dt  =  _1 _ 

U«°cosa  dx  U*cosa 

c*yj  *  ■  _} _ »  Yj  •  tana  =  ■  tana 

dx  U„cosa  U^slna  U 

Similarly  jZj  »  *1  .  Una 
dx  U 

dx  rj  (13) 
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In  a  like  manner, 

v/U  -  -2yzrj_  +  J_  E  rj  .*_h (H) 

(y2+z2)2  2nU  ^  L  g^+f?  "g^+f ^  J  tana  y^z2 

and, 

w/U  “  1  +  rMv^-z2)  +  1  £  s  I\j  f  9j  -  9j  It  rr‘  _z_  (15) 

(y2+z2)2  2itU  9j+fj  9j+^i  tana  y*+z2 

The  preceding  velocity  terns  are  invlscld;  thus  the  velocities 
In  the  above  formulation  become  excessive  In  magnitude  for  points 
near  the  vortex  center.  This  problem  is  corrected  as  shown  in  Refer¬ 
ence  50  by  assuming  a  vortex  having  a  “solid"  core.  For  values  of 
r  less  than  rCQre  the  vortex  velocity  terms  In  Eqs.  11,  14  and  15 
(l.e.,  the  terms  within  the  summation  sign)  are  multiplied,  as  In 
Reference  50,  by  a  correction  term 


where  ry  «  /U-z<)2  +  (y-y^)2"  (16) 

Furthermore  the  correction  tern  can  be  expanded  in  a  power  series 
to  yield 


(i-,'Vr="*)  *,;/r 


*  iz-z,)2  +  (y-y.)s  . 


core 


(17) 
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Application  of  the  above  correction  for  r  less  than  r  _  removes  the 

core 

singularity  from  £qs.  11,  14  and  15  when  r  =  rj.  For  the  present  appli¬ 
cation  r _ _  was  selected  to  be  0.5a  where  a  Is  the  cylinder  radius. 

core 

The  selection  of  this  value  for  rcore  Is  strictly  arbitrary  and  for  the 
present  calculations  ensured  that  the  pertubatlon  velocity  components 
did  not  exceed  the  magnitude  of  the  freestream  ve.-clty. 

b.  Vortex  Strengths  and  Calculated  Vortex  Paths 

The  vortex  strengths  are  a  function  of  crossflow  Mach  number 
which  varies  with  angle-of-attack  (Reference  15,  Figure  21).  For  the 
present  theoretical  model  this  relationship  Is  shown  in  Figure  88.  From 
the  experimental  wake  data  that  are  representative  of  maximum  local  side 
forces,  the  vortex  paths  In  the  wake  and  the  separation  location  were 
determined  from  data  described  previously  (Section  V.2  and  Figure  83) 
for  Mach  0.4  and  45-degree  angle-of-attack.  For  the  Mach  numbers  and 
angles-of-attack  for  which  no  experimental  wake  data  were  available  or 
was  not  representative  of  maximum  side  force  conditions  (as  discussed 
In  Section  I II . 3-b) .  the  apparent  vortex  locations  were  determined  by  an 
iterative  procedure  where  reasonable  comparisons  between  the  measured 
and  calculated  local  pressure  coefficients  on  the  body  were  used  as  a 
basis  for  selecting  the  paths.  The  results  of  this  study  are  shown  in 
Figure  89  for  angles-of-attack  between  25  and  45  degrees  and  Mach  num¬ 
bers  between  0.4  and  0.8.  For  the  Mach  0.4  and  0.6  cases,  the  first 
pair  of  vortices  were  of  equal  strength  and  opposite  sign  as  obtained 
from  Figure  88  for  the  appropriate  crossflow  Mach  number.-  In  the 
calculations  it  became  necessary  to  reduce  the  trailing  vortex  strength 
near  the  base  by  approximately  23  percent  to  give  reasonable  agreement 
between  the  theoretical  and  experimental  pressure  coefficients.  This 
obvious  breakdown  In  the  mathematical  model  in  the  neighborhood  ot  the 
base  may  be  due  to  the  influence  of  the  base  pressure. 


At  Mach  0.8,  the  simulation  required  a.i  entirely  different 
distribution.  At  this  Mach  number  thi  local  force  dists ibutions  are 
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characterized  by  a  high  normal  force  coefficient  distribution,  requiring 
somewhat  strong  vortex  strengths  (as  also  evidenced  by  Figure  88).  As 
will  be  shown  later,  however,  the  asymmetrical  side  force  coefficient 
distribution  is  stall  In  magnitude.  This  suggests  that  the  vortices  are 
shed  in  vortex  fairs,  only  slightly  displaced,  and  each  pair  nearly  equal 
In  vortex  strength.  The  results  of  the  iterative  procedure  that  compared 
favorably  with  both  the  normal  force  and  side  force  coefficient  distribu¬ 
tions  are  shown  in  Figure  89(c).  The  first  two  vortices  shed  are  not.  of 
equal  strength  (compared  for  example,  with  the  Mach  0.4  and  0.8  simula¬ 
tions).  However,  the  first  two  vortices  form  a  nearly  symmetric  pair, 
one  lying  only  slightly  below  the  other.  The  second  pair  of  symmetrical 
vortices  that  follow  are  reduced  in  average  strength  by  approximately 
23  percent  (as  was  the  case  with  the  Mach  0.4  and  0.6  calculations). 

They  were  followed  by  a  third  set  of  symmetrical  vortices  reduced  in 
strength  by  42  percent  from  the  second  pair.  These  reductions  In  vortex 
strength  gave  no  experimental  verification  from  the  flowfiela  data  of 
the  present  study  but  were  necessary  in  the  theoretical  model  to  produce 
reasonable  calculated  pressure  distribution:  near  the  model  base.  In  the 
crossflow  plane,  the  vortex  paths  as  deduced  from  the  available  wake  data 
are  shown  in  Figure  90. 

2.  THEORY/DATA  COMPARISONS 

The  comparisons  in  this  section  are  a  result  of  the  simulated  vortex 
paths  and  strengths  developed  ir  the  previous  section  as  a  function  of 
Mach  number  and  angles-of-attoc'.,.  The  results  are  for  the  N2B1  configura¬ 
tion. 


a.  Crossflow  Velocity 

The  crossflow  velocity  calculations  resulting  from  Equations 
14  and  15  with  vortex  strengths  and  positions  extracted  from  Figures  88 
through  90  are  compared  to  the  experimental  w<.ke  data  In  Figure  91.  One 
general  observation  is  that  while  the  theory  predicts  a  clearly  distinct 


281 


AFWAL-7R-80-3070 


U8ZH1XW 


91  (Concluded) 


AFWAL-TR-80-3070 


vortex  centers,  the  data  Indicate  that  the  experimental  velocity  distri¬ 
butions  are  diffused,  with  no  clearly  defined  vortex  centers  evident. 

One  exception  was  the  vortex  on  the  left  for  the  experimental  data  shown 
in  Figure  80(b).  In  this  case  a  vortex  center  Is  clearly  evident  at  1.5 
diameters  above  the  model  surface. 

b.  Pressure  Coefficient  Distribution 

After  the  velocities  have  been  calculated  from  Equations  11,  14 
and  15,  the  pressure  coefficient  can  be  obtained  by  employing  the  full 
Bernoulli  equation: 


The  results  of  these  calculations,  along  with  available  data  comparisons, 
are  presented  In  Figure  92.  In  general,  the  theory  and  data  compare 
quite  favorably  for  Hach  0.4  and  0.6,  but  not  at  Mach  0.8.  The  theory 
consistently  experienced  overshoots  and  undershoots  around  the  model 
periphery  In  the  vicinity  of  the  vortex  cores  lying  near  the  body  sur¬ 
face.  This  suggests  that  the  theoretical  vortex  distributions,  as  shown 
In  Figure  89(c),  for  Hach  0.8,  are  larking  in  authenticity  and  require 
further  development. 


c.  Normal  Force  and  Side  Force;  Coefficient  Distributions 

The  local  normal  force  and  side  force  coefficient  along  the 
longitudinal  axis  was  obtained  by  Integrating  the  pressure  coefficient, 
Eq.  18,  around  the  model  periphery  as  shown  below. 


_fN 

d(x/d) 


2,1  Cp(d>)  cosd  rdd 
o 


(19) 
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dCT  .  1  (£  -Cp(<>>  sin$  rd$  ,20, 

d(x/d)  iia  /  Q 

where  the  periphery  angle,  $,  Is  defined  In  Figure  87. 

The  results  of  the  above  calculations  are  presented  in  Figure 
93.  While  the  characteristic  behavior  of  the  data  Is  predicted,  the 
theory  In  general  undt-predlcted  the  local  normal  force  coefficient  on 
the  cylindrical  portion  of  the  model  at  Mach  0.4  and  0.6.  The  reverse 
was  true  for  Hach  0.8,  where  the  theoretical  results  overpredicted  the 
local  normal  force  coefficient  on  the  cylindrical  part  of  the  model. 

Note  that  at  Hach  0.8,  the  large  local  normal  force  coefficient  distri¬ 
bution  Is  fairly  well  estimated  for  the  ogive  nose.  However,  the  pre¬ 
dictions  of  Cp,  as  noted  In  Figure  92(c)  did  not  follow  the  data  trends 
sufficiently  well.  The  good  agreement  between  the  local  loads  In  Figure 
93(c)  are  thus  a  result  of  the  averaging  that  occurs  In  the  Integration 
process  and  does  not  reflect  a  true  modeling  of  the  flow  phenomena,  as 
indicated  by  the  local  pressure  distribution  In  Figure  92(c). 
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b.  Mach  0.6 
Figure  92  (Continued) 
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SECTION  VII 

DEVELOPMENT  OF  AN  EMPIRICAL  -  CORRELATION 
TECHNIQUE  USING  PRESSURE  DATA 

The  large  amount  of  pressure  data  which  was  generated  in  the  MX 
program  allowed  the  aerodynamic  characteristics  to  be  studied  in  detail. 
One  unexpected  observation  was  the  general  lack  of  repeatability  in  the 
out-of-plane  forces.  This  feature  of  the  test  data  introduced  severe 
difficulties  in  trying  to  use  existing  analytic  correlations.  A  semi- 
empirical  analysis  was  developed  using  the  test  data.  The  method  does  not 
describe  a  particular  value  of  the  side  force  or  yawing  moment  coefficient 
that  would  be  developed  at  a  given  angle  of  attack  and  freestream 
condition;  rather,  the  analysis  describes  the  upper  and  lower  bounds  of 
regions  within  which  the  induced  forces  are  contained. 

The  characteristic  shape  of  the  local  side  load  coefficient  per  unit 

length  is  better  illustrated  if  the  values  are  normalized  with  respect  to 

* 

the  maximum  of  the  particular  data  set.  The  maximum  is  denoted  by  . 

The  period  of  the  function  is  easily  identified  and  compared  with  other 
runs  at  different  angles-of-attack  and  with  different  maximum  values. 
Figure  94  is  a  typical  example  of  the  normalized  plots. 

1.  EXPERIMENTAL  OBSERVATIONS 

The  pressure  coefficient  distribution  for  a  repeat  run  of  the  same 
conditions  is  shown  in  Figure  95.  Both  are  the  N2B1  configuration  at 
the  same  Mach  number,  Reynolds  number  and  angle-of-attack;  yet  the 
degree  of  asyronetry  and  the  magnitude  of  the  side  force  is  markedly 
different.  This  was  observed  frequently,  and  the  implications  on  the 
development  of  a  correlation  of  the  data  will  be  considered.  The 
magnitude  of  the  side  force  loading  was  calculated  at  each  station  by 
Integrating  the  surface  pressure  around  the  cross  section. 
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This  local  side  force  loading  usually  varied  along  the  length  of 
the  missile  in  a  regular  pattern.  Figure  96  shows  the  side  force  loading 
for  a  typical  test  condition.  The  ordinate  of  these  graphs  is  evaluated 
by  an  integration  of  the  surface  pressures  using  the  trapezoidal  rule.  The 
nondimensionalizing  factors  were  selected  so  that 

I/O 

Cy  »  /„  cy  d  (X/D)  (21) 

The  local  side  load  coefficient  per  unit  length,  Cy,  is  much  the  same  as 
a  section  lift  coefficient.  The  area  under  the  curve,  when  presented  as 
shown  in  Figure  96,  is  the  value  of  the  total  side  force  coefficient  for 
the  missile  at  that  particular  condition.  A  characteristic  of  the  data 
is  the  resemblance  to  a  sinusoidal  variation  along  the  length  of  the 
missile.  The  measured  side  loads  were  therefore  described  in  terms  of 
the  period  and  the  amplitude  of  the  side  load  function. 

Throughout  the  test  program  the  data  followed  general  trends,  but 
enough  variance  was  always  present  to  prevent  absolute  statements  from 
being  made.  The  origin  of  these  variations  is  very  difficult  to  identify, 
although  the  body  of  research  on  the  subject  strongly  suggests  the  most 
probable  cause  is  the  Influence  of  small  disturbances  in  the  freestream 
flow  and  nose  surface  irregularities  on  the  growth  and  subsequent 
separation  of  the  boundary  layer. 

2.  CORRELATION  DEVELOPMENT 

The  correlation  of  the  period  and  amplitude  of  the  load  function  was 
related  to  a  flow  model  for  vortex  separation  from  a  missile  at  angle-of- 
attack.  The  flow  model  is  depicted  in  Figure  86.  The  figure  illustrates 
a  concept  for  relating  the  experimental  data  with  the  assuned  vortex 
functions.  The  vortices,  which  are  generated  by  the  boundary  layer, 
separate  from  the  missile  in  alternating  positions.  The  flow  model  assumes 
the  vortex  pattern  is  fixed  in  time  and  space  for  the  wind  tunnel  case, 
following  the  model  described  in  Reference  15. 
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Figure  96.  Local  Side  Force  Coefficient  Distribution,  N2B1 
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The  vortices  begin  as  an  attached  asyimetric  pair  of  equal  strength 
and  opposite  sign  on  the  forward  part  of  the  missile.  Some  disturbance  in 
the  freestream  or  on  the  forward  surface  of  the  missile  creates  an 
asymnetry  in  the  boundary  layer  growth  and  vortex  strength.  The  ultimate 
result  is  separation  of  one  vortex  before  the  other.  At  this  point  the 
local  side  load  begins  to  diverge  from  zero. 

There  exists  some  maximum  value  of  attached  vortex  strength,  beyond 
which  the  vortex  cannot  remain  attached  to  the  model.  The  separation  point 
of  the  second  vortex  corresponds  to  that  value;  it  is  the  separation  point 
of  the  vortex  which  has  remained  attached  the  longest.  The  first  maximum 
of  the  side  load  appears  at  that  station.  Succeeding  separation  locations 
occur  at  equally  spaced  intervals.  At  each  of  these  separations  a  maximum 
in  the  local  side  load  also  occurs.  It  was  also  observed  that  the  side  load 
tends  toward  zero  at  the  base  of  the  model. 

The  data  correlation  uses  the  Strouhal  number  as  a  nondimensional 
parameter  for  describing  the  period  of  the  side  load  maxima.  The  flow  model 
assumes  the  period  of  the  side  load  is  also  the  period  of  vortex  separation 
along  the  same  side  of  the  missile.  The  Strouhal  number  was  originally 
developed  for  application  to  vortex  separation  from  cylinders  normal  to 


By  relating  the  shedding  frequency,  n,  to  the  vortex  location  in  space, 
and  by  using  the  velocity  component  in  the  crossflow  plane,  the  Strouhal 
number  can  be  described  as 

3  -  g-tSTT  <23> 

where  g  is  the  distance  between  the  vortex  separation  locations  along  the 
length  of  the  missile,  as  shown  in  Figure  86. 
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The  separated  and  attached  vortices  induce  a  circulation  about  the 
missile.  The  induced  circulation  about  the  missile  can  be  thought  of  as 
being  represented  by  a  single  equivalent  vortex,  r  .  The  local  side  force 
is  depicted  as  the  result  of  the  equivalent  vortex  centered  at  the  center 
of  the  missile  cross  section.  Analytical  efforts  directed  at  evaluating 
this  circulation  about  the  missile  through  calculations  involving  the 
strength  and  location  of  the  vortices  in  the  wake  were  discussed  in  the 
previous  sections.  Accurate  results  proved  particularly  difficult  using 
this  approach.  The  experimental  data  from  the  MX  program  were  used  to 
develop  an  alternative  semi -empirical  prediction  method. 


A  lift  force  in  the  Y  direction  is  generated  by  the  circulation  about 
the  missile  and  the  Z  velocity  component,  normal  to  the  missile  centerline. 

Side  force  per  unit  length  «  =  p  (V»  sin  a)  rQ  (24) 


The  force  may  be  converted  to  a  force  coefficient  and  the  length 
dimension  expressed  as  X/D,  whereupon  the  expression  for  local  side  force 
coefficient  per  unit  length  becomes 


C  =  [  - 
y  L  * 


rQ 

(V»  sin  a) 


]  sin2  a 


The  side  load  coefficient  varies  along  the  length  of  the  missile,  and 

in  this  expression  is  therefore  a  function  of  X/D.  The  maximum  side 
* 

load,  Cy  corresponding  to  the  amplitude  of  the  trigonometric  function, 
is  assumed  to  be  an  empirical  function  multiplied  by  the  sine  squared  of 
the  angie-of-attack.  The  rigor  of  this  description  is  of  the  same  order 
as  the  use  of  a  crossflow  drag  coefficient  to  estimate  the  normal  force 
coefficient,  such  as  the  method  of  Reference  2.  Using  the  same  terminology, 

the  factor  in  brackets  will  be  called  the  crossflow  lift  coefficient,  c,  , 

■c 

The  period  and  amplitude  of  the  side  load  function  are  described  by 
the  Strouhal  number  and  the  maximum  crossflow  lift  coefficient. 


The  test  data  from  four  nose  configurations.  Ml,  N2,  N3  and  N4,  were 
used  to  evaluate  these  correlation  parameters.  The  maximum  number  of  test 
points  was  obtained  for  the  ogive  nose  with  e  radius  of  7  body  diameters. 
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N2B1,  at  a  treestream  Hach  number  of  0.6.  This  nose  shape  and  test 
condition  will  be  used  to  illustrate  the  correlation  of  experimental 
results.  For  each  angle-of-attack  and  Mach  number  -  Reynolds  number 
combination  a  value  of  the  Strouhal  number  and  maximum  crossflow  lift 
coefficient  was  determined. 


The  maximum  crossflow  lift  coefficient  is  shown  in  Figure  97  as  a 
function  of  the  angle-of-attack.  A  line  was  defined  which  represented 
the  maximum  values  observed  in  the  tests.  The  maximum  was  approximately 
2.5  for  the  N2  nose  at  Mach  0.6.  At  all  angles-of-attack  the  average 
values  are  approximately  equal  to  0.5. 

The  Strouhal  number  was  graphed  as  a  function  of  the  maximum 
crossflow  lift  coefficient.  At  low  values  of  the  crossflow  lift 
coefficient  the  Strouhal  nianber  did  not  have  a  definite  value.  At  large 
values  of  the  crossflow  lift  coefficient  the  Strouhal  number  was  very 
close  to  0.25.  In  the  crossflow  analogy  the  Strouhal  number  would  be  0.22 
if  the  flow  about  a  cylinder  were  fully  duplicated.  The  work  of  Thomson 
and  Morrison,  Reference  15,  showed  a  Strouhal  number  of  approximately  0.20 
for  freestream  Hach  numbers  less  than  0.6. 

The  significance  of  the  correlation  shown  in  these  data  is  that  the 
period  of  the  induced  side  load  is  well  defined  when  the  crossflow  lift 
coefficient  is  large.  At  smaller  values  of  the  maximum  crossflow  lift 
coefficient  the  data  does  not  show  a  clearly  defined  period,  although  the 
range  of  value  is  bounded. 

The  direction  of  the  side  force  load,  to  the  right  or  left  of  the 
missile,  was  considered  to  be  completely  random.  The  correlation  method 
does  not  take  it  into  account. 


3.  PREDICTION  METHOD 

The  characteristics  of  the  aerodynamic  side  force  coefficients,  which 
are  the  period  and  amplitude  of  the  function,  have  been  correlated  using 
the  results  from  a  large  experimental  program.  These  correlations  can  be 
used  as  the  basis  for  a  semi-empirical  prediction  method  which  defines  the 
envelopes  of  the  side  force  and  yawing  moment  coefficients  on  a  missile 


303 


a.  Mach  0.4 

1<jure  97.  Maximum  Crossflow  Lift  Coefficient  for  Configuration  N2B1 
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b.  Mach  0.6 
Figure  97  (Concluded) 
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at  angle-of-attack.  The  prediction  method  assumes  the  crossflow  lift 
coefficient  is  developed  along  the  length  of  the  missile  in  a  regular 
fashion.  There  exists  some  length  from  the  ncse,  where  the  vortices  are 
attached  and  develop  initially  as  a  symmetrical  pair.  An  induced  force 
does  not  develop  along  that  part  of  the  missile  length.  The  side  force 
begins  to  be  impressed  when  the  vortices  develop  an  asymmetry.  The  cross- 
flow  lift  coefficient  grows  to  a  maximum  in  a  sine  wave  pattern,  which  is 
repeated  along  the  length  of  the  missile  until  a  station-one  diameter 
from  the  base  of  the  missile  is  reached.  From  that  station  to  the  base 
the  crossflow  lift  coefficient  is  depicted  as  a  linear  decrease  to  zero 
at  the  base. 

Having  established  the  loading  pattern  in  the  side  force  direction, 
it  is  an  elementary  procedure  to  integrate  the  loading  to  obtain  the 
side  force  coefficient  and  the  yawing  moment  coefficient.  In  this  section 
the  yawing  moment  is  always  shown  about  the  nose  of  the  missile.  The 
direction  sense  of  the  force  and  moment  coefficient,  right  or  left,  is 
not  treated  and  is  shown  as  absolute  magnitude  only. 

When  the  average,  or  most  probable,  value  of  the  side  force  and 
yawing  moment  coefficient  is  to  be  determined,  the  Strouhal  number  may- 
have  any  value  in  the  range  of  0.15  and  0.45,  while  the  crossflow  lift  is 
taken  as  0.5.  Since  the  period  of  the  sine  wave  loading  pattern  is  not 
fixed  in  this  case,  the  locus  of  maxima  produce  a  simple  bound  which 
defines  the  most  probable  values  of  the  side  force  and  yawing  moment 
coefficient. 

The  maximum  value  of  the  side  force  and  yawing  moment  coefficient  is 
determined  by  a  value  of  the  crossflow  lift  coefficient  which  is  different 
from  that  used  in  the  average  calculations.  A  unique  value  of  the 
Strouhal  number  is  used.  For  the  example  case  it  was  fixed  at  .20. 

Figure  98  is  a  graph  of  the  predicted  envelope  of  the  side  force 
coefficient  and  yawing  moment  coefficient  for  a  missile  10  diameters  long 
at  angle-of-attack  from  20  to  45  degrees.  Data  from  the  force  and  moment 
tests  of  the  N281  configuration  at  Mach  0.6  are  also  shown  to  evaluate  the 
appropriateness  of  the  prediction  scheme.  The  force  and  moment  data  were 
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98.  Predicted  Envelope  of  the  Side  Force  and  Yawing  Moment 
Coefficient  from  the  Data  Correlation  Analysis 


AFVIAl-TR-80-3070 

obtained  in  a  separate  test  from  the  pressure  experiments  and  constitute 
an  independent  set  of  data.  The  force  and  moment  data  are  within  the 
bounds  described  by  the  correlation  method. 

4.  FREESTREAK  AND  CONFIGURATION  EFFECTS 

The  crossflow  drag  coefficient  is  often  depicted  as  a  function  of  the 
crossflow  Reynolds  number.  The  maximum  crossflow  lift  coefficient  was 
plotted  versus  the  crossflow  Reynolds  number,  as  shown  in  Figure  99. 

The  graph  illustrates  the  range  of  crossflow  lift  coefficient  experienced 
in  these  tests.  The  lack  of  correlation  may  be  only  a  reflection  of  the 
scarcity  of  data.  A  general  observation  seems  to  be  that  the  largest 
values  of  the  crossflow  lift  coefficient  occur  at  the  highest  values  of 
the  crossflow  Reynolds  number. 

Mach  number  and  nose  effects  are  shown  in  Figure  100.  In  the  range 
of  0.4  to  0.6  the  Mach  number  effects  are  small,  lhe  values  of  the 
crossflow  lift  coefficient  indicates  that  the  maximun  side  force  at 
Mach  numbers  greater  than  0.7  is  no  longer  different  from  the  most 
probable  level  of  the  side  force. 

Among  the  nose  shanes  tested,  there  were  three  configurations, 
which  comprise  a  regular  variation  in  nose  length.  The  longest 
nose  shape,  with  a  profile  radius  equal  to  7  nose  diameters,  was  used 
for  the  developments  of  the  previous  sections.  A  nose  profile  radius 
of  3  and  5  body  diameters  was  also  tested.  The  three  nose  shapes  all 
had  the  same  bluntness.  There  were  not  as  many  runs  in  the  test  sequence 
for  these  shapes.  Conclusions  are  therefore  limited  to  the  possibility 
that  more  data  may  produce  a  greater  upper  bound  on  the  maximum  cross- 
flow  lift  coefficient.  In  this  body  of  data  it  appears  that  a  shorter 
nose  produces  both  a  lower  maximum  value  of  the  crossflow  lift  coefficient 
and  a  lower  value  of  the  corresponding  Strouhai  number. 

A  nose  with  a  sharp  tip  was  also  fabricated  for  the  7-body-diameter 
tangent  ogive  nose.  The  sharp  nose  configuration,  HI,  produced  data  which 
are  very  similar  to  the  mors  blunt  nose  with  the  same  profile.  A  graph  of 
the  correlation  parameters  which  resulted  from  the  tests  of  the  sharp  nose 
is  also  shown  in  Figure  100. 
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:<gure  100.  Nose  Shape  Effects  on  Crossflow  Lift  Coefficient 
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SECTION  VI 11 

CONCLUSIONS  AND  RECOMMENDATIONS 

This  study  has  provided  considerable  insight  into  the  aerodynamic 
forces  developed  on  a  missile  at  large  angles-of-attack  in  subsonic  flow. 
The  conclusions  reached  herein  fall  into  two  categories:  the  observations 
of  our  experimental  investigation  and  the  results  of  attempts  to  predict 
the  phenomena  associated  with  asymmetric  vortex  shedding. 

1.  PRESSURE  AND  FORCE  1ESTS 

1)  The  pressure  data  provided  an  excellent  insight  into  the 
developsient  of  asyianetric  forces.  The  pressure  patterns  can  be  related 
to  the  vortex  separation  location.  The  pressures  could  be  integrated  to 
produce  force  coefficients  which  match  the  force  balance  measurements. 

2)  The  subsonic  tests  of  the  MX  model  at  length  Reynolds  number  of 
over  30  million  represent  some  of  the  highest  Reynolds  ntxnber  tests  at 
high  angles-of-attack.  Within  the  range  of  the  tests,  there  was  little 
effect  of  Reynolds  number  at  angles-of-attack  below  35  degrees.  At 
higher  angles-of-attack  the  trends  are  not  completely  consistent.  In 
general  though,  increasing  Reynolds  number  Increased  the  magnitude  of 
side  force  and  yawing  moment  coefficients  and  increased  the  normal  force 
coefficient. 

3)  The  large  side  force  and  yawing  moment  coefficients  are 
essentially  associated  with  subsonic  Mach  numbers.  As  Hach  number 
increases  above  0.8  these  forces  greatly  decrease.  The  general  trend 
of  the  axial  and  normal  force  coefficient  show  no  special  change  at 
Hach  1.0;  he  Increase  in  value  is  smooth  from  subsonic  to  supersonic 
speeds. 

4)  Thirteen  different  nose  configurations  were  tested  at  various 
conditions.  The  3-caliber  ogive  nose  had  the  lowest  values  of  induced 
side  force  and  yawing  moment  coefficients.  The  fineness  ratio  strongly 
influences  the  magnitude  of  the  out  of  plane  forces.  The  triconic  nose  of 
comparable  fineness  ratio  to  the  ogive  nose  has  as  large  or  larger 
asymmetric  forces. 
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5)  Body  length  effects  were  not  subsequently  determined  in  this 
test  series.  The  limited  data  from  this  study  and  previously  reported 
data  indicate  that  length  alone  does  not  change  the  aerodynamic  flow 
field. 

6)  Grit  ring  effects  were  small  and  inconclusive  at  the  high 
Reynolds  numbers.  The  grit  ring/strin  combination  effects  on  the 
asynrcatric  forces  were  pronounced  but  not  with  the  same  trends  as 
increasing  Reynolds  number. 

7)  The  model  mounting  system  affects  the  aerodynamic  data.  The 
sting-mounted  data  is  considered  to  be  the  most  reliable.  A  strut  mount 
was  required  to  achieve  angles-of-attack  above  45  degrees,  but  there  was 
an  offset  in  the  data  when  strut  and  sting  measurements  were  compared 

at  the  same  angles-of-attack.  A  data  offset  was  also  noted  when  the 
preset  angle  of  the  strut  was  changed. 

8)  Rocket  exhaust  effects  were  significant  at  angles-of-attack 
greater  than  60  degrees.  The  rocket  exhaust  jet  produced  a  decrease  in 
pressure  on  the  leeside  of  the  missile,  which  in  turn  was  reflected  in  an 
Increased  normal  force  coefficient  and  more  negative  pitching  moment 
coefficients.  Exhaust  jet  deflections  of  +15  degrees  produced  only  a  small 
change  from  the  0°  deflection  case. 

9)  The  asynwetric  forces  and  moments  show  a  strong  dependence  on 
missile  roll  angle.  To  assure  measurement  of  the  naximom  values,  the 
model  being  tested  should  be  rolled  at  small  intervals  to  180  degrees. 

The  continuous-roll  technique  used  in  these  experiments  provides  reliable 
data  in  a  cost  effective  manner. 

2.  FLOW  FIELD  TEST 

The  key  conclusions  from  the  present  flow  field  data  are  summarized 
as  follows: 

1)  The  only  visible  vortex  centers  were  at  station  X/D  =  7.4  and 
were  very  close  to  the  model  (maximum  vertical  location  observed  was 
approximately  1.5  diameters  from  the  model  centerline  at  this  station). 


313 


AfWAL-TR-80-3070 


2)  The  shed  vortices  aft  of  station  X/D  =  7.4  were  very  diffused  in 
nature,  but  vortex  centers  could  not  be  clearly  identified. 

3)  by  use  of  the  observed  vortex  centers  at  station  X/D  »  7.4,  the 
apparent  vortex  separation  locations  from  the  model  surface  were  deduced 
with  aid  of  test  results  by  previous  investigations  (Reference  15). 

4)  The  estimated  vortex  separation  locations  thus  determined 
correlated  with  the  sinusoidal  peaks  in  the  side  force  coefficients 
obtained  from  integrating  the  model  surface  pressure  data  from  the 
present  test. 

3.  FLOW  FIELD  ANALYSIS 

The  following  conclusions  have  been  drawn  from  the  present  study: 

1)  In  the  analysis  it  was  assumed  that  the  vorticity  field  could 
be  represented  by  discrete  vortices  trailing  from  the  body.  This 
assumption  is  not  entirely  valid  since  the  experimental  data  shows 
diffused  vorticity  in  the  wake. 

2)  For  the  one  condition  at  Hach  0.4  and  45-degree  angle-of-attack 
where  experimental  data  at  observed  maximum  side  force  conditions  were 
available  to  deduce  the  vortex  paths,  the  calculated  pressure  distributions, 
and  thus  the  Integrated  results  for  local  normal  force  and  side  force 
coefficients,  compared  reasonably  well  with  the  experimental  data. 

3)  For  the  remaining  Hach  numbers  and  angles-of-attack  in  this 
study  the  apparent  vortex  locations  were  determined  by  an  iterative 
procedure  where  reasonable  agreement  between  the  measured  and  calculated 
local  pressure  coefficients  on  the  body  were  used  as  a  basis  for  selecting 
the  trailing  vortex  paths.  These  results  require  verification  with 
experimental  data. 

4)  As  Hach  number  increases  beyond  subsonic  values,  the  local  side 
force  values  decrease.  An  attempt  to  model  this  result  was  made  at  Hach 
0.8  by  allowing  the  vortices  to  trail  off  the  body  in  nearly  symmetrical 
pairs.  Although  this  did  result  in  reasonable  integrated  normal  force 
and  side  force  distributions  along  the  body,  the  comparisons  of  the 
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experimental  data  suggest  that  the  theoretical  model  is  not  entirely  valid. 
Perhaps  the  decrease  In  the  side  force  Is  associated  with  other  flow 
characteristics,  such  as  embedded  shocks,  at  the  higher  Mach  numbers. 

5)  All  of  the  analytical  models  used  In  this  study  required  a 
significant  reduction  in  vortex  strength  near  the  model  base  to  provide 
reasonable  agreement  between  the  calculated  and  experimental  pressure 
distributions.  This  is  not  justified  by  the  present  data,  and  suggests 
that  the  concentrated  vortex  theory  is  not  valid  in  this  region. 

4.  CORRELATION  TECHNIQUE 

1)  The  correlation  of  the  asymmetric  aerodynamic  data  revealed 

the  essential  characteristics  of  the  induced  loads,  based  on  the  concepts 
contained  in  the  Mow  model.  The  correlation  was  then  used  to  construct 
a  prediction  scheme  for  the  effects  of  vortex  separation  on  which  the 
bounds  of  a  region  for  the  out-of-plane  force  and  moment  are  described. 

The  method  is  proposed  as  an  analysis  tool  for  the  preliminary  design  of 
maneuvering  missiles.  It  is  easily  applied,  and  appears  appropriate  for 
the  range  of  variables  covered  in  the  subject. 

2)  The  use  of  force  and  moment  data  alone  to  describe  the  effects 
of  asymmetric  vortex  separation  does  not  provide  the  information 
necessary  to  develop  a  correlation  that  completely  defines  the  variable 
in  the  flow  model.  One  may  measure  a  particular  value  of  force 
coefficient;  yet  not  be  able  to  define  the  particular  axial  distribution 
and  magnitude  of  the  impressed  side  load. 

5.  RECOWENDATIONS 

1)  The  prediction  method  assumes  that  the  maximum  crossflow  lift 
coefficient  is  well  defined  in  the  angle-of-attack  range  of  from  0  to  35 
degrees.  Additional  tests  specifically  designed  to  obtain  the  maximum 
crossflow  lift  coefficient,  such  as  rolling  the  model  at  each  angle-of- 
attack,  are  needed  to  determine  if  the  empirical  function  is  overly 
conservative. 
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2)  In  vim  of  the  existing  questions  about  flow  unsteadiness,  it  is 
recomnended  that  the  available  microphone  data  from  the  HX  missile  tests 
be  very  carefully  analyzed.  Particular  attention  should  be  given  to  the 
implications  of  the  results  on  the  aerodynamics  of  the  physical  model. 

3)  Finally,  this  study  and  others  show  that  considerable  detailed 
wake  data  must  be  obtained  to  properly  develop  and  verify  analysis 
techniques.  Probe  investigations  are  not  adequate  because  they  are  not 
practical  to  obtain  the  tremendous  amount  of  information  required  to 
cover  the  entire  three-dimensional  wake.  New  developments  in  flow  field 
investigations  such  as  laser  doppler  velocimetry  and  holography  appear 
to  be  much  more  promising. 
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